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I, Agis Kydonieus, declare as follows. 

1. I am a United States citizen residing at 17 Savage Road, Kendall Park, New Jersey. 

2. I received a Bachelor's degree summa cum laude in Chemical Engineering in 1959 
and a Ph.D. in Chemical Engineering in 1964 from the University of Florida, as set forth in 
my professional resume attached hereto. 

3. From 1960-1962, 1 was a chemical engineer at Union Carbide Corporation. From 
1964-1968, 1 was a process scientist at Union Camp Corporation. I served as an Assistant 
Professor of Chemical Engineering at the Cooper Union Polytechnic Institute (New York, 
NY) from 1968-1970. During that time and until 1971 I was President and Principal of 
Chemtech Inc., Boston, MA. I served as Director of Research and Development at Baxter 
Laboratories from 1973-1974. From 1971-1973 and 1974-1988, 1 was employed with 
Health-Chem Corporation, where I served in several roles at Hereon Laboratories 
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Corporation in the area of transdermal and controlled release technology, including Director 
of R&D, Vice President, and finally President. I was Vice President of Corporate R&D for 
the ConvaTec Division of Bristol-Myers Squibb Corporation from 1988-1998. Additional 
details of my professional history are set forth in my professional resume. 

4. From 1998 to the present I have served as President of Samos Pharmaceuticals, 
LLC, a pharmaceutical consulting company specializing in drug delivery, including oral, 
transdermal, implantable, injectable, buccal and vaginal delivery. I am currently a consultant 
in the role of Chief Scientific Officer of Agile Therapeutics, Inc., an early stage 
pharmaceutical company developing transdermal hormone delivery devices. 

5. I have had over forty-five years of scientific training and business experience in 
the chemical and pharmaceutical industry, including over thirty years in the fields of 
controlled release and transdermal drug delivery. I am the editor, co-editor or presenter of 
numerous books, book chapters, publications, invited reviews and invited lectures in these 
fields, as set forth in my professional resume. I hold thirty-five United States Patents, several 
of which are in the fields of controlled release or transdermal drug delivery. I am or have 
been a member of several scientific or business associations, including the Controlled 
Release Society, the American Institute of Chemical Engineers, the American Association of 
Pharmaceutical Sciences, Krikos, Inc., Society of Biomaterials, Society of Investigative 
Dermatology, and the New York Academy of Sciences. I am one of the founders, past 
president and trustee of the Controlled Release Society, the premier Intermational Society of 
drug delivery. I serve, or have served, as Director of the New Jersey Center for Biomaterials 
& Medical Devices-Member Industrial Advisory Board, MIT Biomaterials Consortium- 
Member Industrial Advisory Board, Health Chem Corp, Hereon Laboratories, Controlled 
Release Society, Krikos, Inc, Chemtech, Inc, and Exicon Import-Export Company and on the 
Scientific Advisory Boards of Valera Pharmaceuticals, Inc, Kytogenics Pharmaceuticals, Inc, 
TyRx Pharma and Transave Pharmaceuticals. 

6. As mentioned, I serve as Chief Scientific Officer of Agile Therapeutics, Inc., 

licensee and developer of the technology disclosed and claimed the above-referenced U.S. 
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Patent Application Serial No. 10/621,71 1, entitled "Transdermal Hormone Delivery System: 
Compositions and Methods" (referred to hereinafter as "the present application"), the claims 
of which are currently under rejection in the U.S. Patent and Trademark Office. 

7. I have read and am familiar with the Official Action dated August 4, 2006 in the 
present application. I understand the nature of the rejections made by the examiner 
concerning alleged obviousness of the claimed invention over the teachings of U.S. Patent 
5,876,746 ("the 746 patent") in view of U.S. Patent 5,023,084 ("the 084 patent") and, for 
some claims, additionally in view of U.S. Patent 5, 876,746 ("the 746 patent"). According to 
the examiner, it would have been obvious to provide a transdermal delivery device to deliver 
combined estrogen and progestin in a matrix comprising a combination of enhancers as 
disclosed by the 956 patent, and to add capric acid as disclosed by the 084 patent for a 
different type of transdermal device, motivated by the teaching of the 084 patent that capric 
acid provides satisfactory skin absorption enhancement in that different system; therefore a 
four-component enhancer combination comprising DMSO, lauryl lactate, ethyl lactate and 
capric acid would be expected to deliver the hormonal combination to the skin of the user at a 
satisfactory enhanced rate. 

8. I strongly disagree that the teachings of the aforementioned patents would have 
rendered obvious the transdermal delivery system claimed in the present application. The 
three bases for my opinion in this regard are (1) that the general unpredictability of controlled 
release and transdermal drug delivery make it impossible to predict the outcome of changing 
a transdermal formulation, absent empirical experimentation and, more particularly, (2) that 
one seeking to improve the transdermal system of the 956 patent would not find sufficient 
information in the 084 patent, directed to a different type of transdermal system, to make the 
types of modifications that are claimed in the present application; and (3) that the significant 
improvement in clinical results achieved by a simple re-formulation of the skin permeation 
enhancer cocktail of the 956 patent, i.e., by adding capric acid , could not have been predicted 
from the information imparted by the cited patents. These bases for my opinion are expanded 
upon in the following paragraphs. 
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. The Field of Transdermal Drug Delivery is Not Predictable 

9. After over 35 years in the field of controlled release and transdermal drug delivery, 
it has become my view that the transdermal delivery of drugs has been easy to define and 
scientifically present, but it has been extremely difficult to accomplish in actual practice. 
Permeation of drugs through skin has been extensively studied, but the mechanism of action 
is not completely understood and the permeation in vivo difficult to predict. 

10. Scientifically speaking, the permeation of a drug through skin is a function of that 
drug's physicochemical properties, such as molecular weight, melting point and 
hydrophilicity. However, the drug has to be delivered from an appropriate vehicle from 
which the drug can then partition into the skin. That partitioning is dependent on the relative 
solubility of the drug into the two environments, that of the vehicle and that of the skin. 
Transdermal vehicles or formulations are usually very complex because they have to perform 
other functions in addition to allowing maximum permeation of the drug through the skin. 
For example the formulations should allow adhesion to the skin for extended periods of time, 
prevent irritation of the skin, and be cosmetically acceptable. Therefore the formulations 
usually contain pressure sensitive adhesives, plastisizers, humectants, emollients, anti- 
irritants and other modifiers. Thus the vehicle composition greatly affects the rate and extent 
to which the drug permeates the dermal barrier (1,2). Science again tells us (Fick's law of 
diffusion) that the permeation should be maximum when the drug is at maximum 
thermodynamic activity or chemical potential of unity. In an ideal system, this means that the 
drug should be in a saturated solution (supersaturated solutions, which would give higher 
permeation rates, are to be avoided because they provide unstable systems) in the vehicle. 
Davis and Hadgraft state that postulating the effect that a particular topical delivery vehicle 
will have on the permeation process is not a simple matter because the dosage form in contact 
with the skin is seldom a simple solution; more often it is a complex mixture of several 
chemicals that may interact in several (often opposing) ways as far as permeation 
enhancement is concerned. The "leaving potential", or thermodynamic activity of the drug in 
the vehicle is therefore a major factor in the delivery process (3). 
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1 1 . What makes the process even more unpredictable is the fact that each of the 
components of the formulation has its own "leaving potential", so during the permeation 
process the driving forces within the transdermal formulation continuously change. 
Therefore, consideration of these changes as well is needed to provide a formulation with 
appropriate penetration rate. 1 



12. The complexity reaches even a higher level when the formulation is applied to the 
outside of the skin (asymmetric configuration), duplicating clinical use conditions. The 
reason for this additional complexity is the fact that water moves from the body or receptor 
phase in to the transdermal formulation thus altering the thermodynamic activity of the drug 
as well as all of the other components in the patch. 



13. The complexities mentioned above that are associated with the development and 
optimization of a transdermal formulation are further compounded when one considers that 
the drug after "leaving" the formulation will have to encounter the complexities of the 
biochemical environment that constitutes the dermal barrier to the ingress of chemicals. It is 
well understood that the lipid bilayers of the intercellular lipids within the stratum corneum 
with its highly oriented hydrophilic and lipophilic regions, together with the keratinized 
intracellular flattened corneocytes, form an excellent permeation barrier to permeation of any 
chemical substance (5). 



14. Enhancers, and more specifically chemical enhancers, can influence permeation 
by increasing the solubility of the drug in the stratum corneum. This can be accomplished if 



1 As one illustration of this, Kurihara-Bergstrom, et al., studying the effect of DMSO on the in vitro 

permeability of methanol, butanol and octanol (using DMSO solutions on both sides of the skin/balanced 
configuration) observed that the rate of octanol absorption is reduced at intermediate DMSO concentrations. 
They concluded that permeability may be different for hydrophilic and hydrophobic compounds, and simple 
measurements of net effects do not accurately reflect underlying events where competing factors are moving in 
opposite directions (4). 

As another illustrative example, Kurihara-Bergstrom, et al, studying the effect of DMSO on permeation 
of the alcohols mentioned above in an asymmetric configuration (DMSO solution in donor, saline solution in 
receptor), concluded that the rate of absorption for methanol was not affected by the application regiment and 
the absorption was increased 50-fold as DMSO increased to 100%. Conversely, the absorption of octanol was 
decreased as DMSO increased to 100%. It was postulated that competing solvent flows, DMSO moving toward 
the receptor phase and water moving in the donor phase introduced significant variables that accounted for this 
phenomenon. 
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the drug has good solubility in the chemical enhancer and the chemical enhancer has good 
solubility in the stratum corneum lipids. In most cases however, the chemical enhancer, once 
it has penetrated into the dermal bioenvironment, disrupts the tight structure of the 
intercellular lipid bilayers thus increasing the fluidity of the lipids and increasing permeation 
(6,7). This disruption can take different forms such as the incorporation of medium chain 
length (e.g., 12 to 14 carbon atoms) fatty acids into the long chains of the stratum corneum 
fatty acids (8), the incorporation of kinked (e.g., oleic acid with a cis-double bond) fatty acids 
(9), formation of pool of enhancer liquid within the bi layer (10), or the extraction of lipids 
from the bilayer, thus forming a void volume through which permeation can be facilitated (4, 
11). 

15. It is therefore not surprising that enhancers behave substantially differently when 
they are co-delivered with other enhancers and vehicles to enhance the permeation of drugs. 
In the enhanced delivery of naloxone (8) for example, as well as other drugs (12, 13) with 
fatty acids, it was found that the best results were obtained when the enhancer propylene 
glycol was used as the vehicle, with a 150 enhancement ratio over the non-fatty acid 
containing control. The enhancement ratio was dropped to 10 and 2 when the co-delivered 
enhancers/vehicles were isopropanol and isopropyl myristate respectively. 

16. In the case of DMSO, I mentioned above (4) that when it is delivered from water 
it did not increase the permeation of alcohols (decreased permeation of octanol) until the 
concentration of DMSO increased above 60%. In a companion study by the same authors, 
using the same experimental design, the permeation of the antiviral agent vidarabine was 
studied (14). Similar results were obtained as with the alcohol study, with the permeation 
decreasing up to 50% DMSO concentration and then rising rapidly as DMSO concentration 
increased to 100%. Similar results were obtained by others (15,16) when DMSO was 
delivered from water. In all cases, a 50 to 60 % concentration of DMSO was needed to 
increase the permeation of such agents as picric acid, tetrachlorosalicylanilide and 
radiolabeled water. In contrast, when DMSO was delivered from alcoholic solutions, a dose 
response was obtained for DMSO concentrations from 10% to 50% (17). 
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17. It is clear from the above observations that the effect of enhancers on the 
permeation of drugs through skin is unpredictable and dependent on many variables whose 
effect can only be determined by experiment. When skin permeation enhancers are used in 
combination, or in different solvent systems as in the case of DMSO discussed above, this 
unpredictability is compounded greatly. 

The Modifications of the 956 Patent's System Made in the Present Application 
Could not be Gleaned from Information Presented in the 084 Patent 

18. The transdermal hormone delivery system of the 956 patent is similar to that of 
the present application - it was designed to deliver estrogen and progestin hormone from a 
single layer of adhesive polymer matrix, and utilizes a skin permeation enhancer combination 
containing a specified ratio of enhancers. However, the system of the 956 patent is deficient 
in part because it is not able to deliver sufficient amounts of progestin hormone to a woman's 
bloodstream to ensure contraception. The system of the present application overcomes this 
deficiency by making a modification to the enhancer system, namely, by adding a small 
amount of capric acid (about 1-12% by weight of the adhesive polymer matrix 3 ). The 
examiner has stated that a person of skill in the art would have found all information needed 
to make this modification within the 084 patent. In view of the general unpredictability in the 
art of transdermal delivery as elaborated above, I believe this would be impossible to do. 

19. It must be kept in mind that the 084 patent discloses a very different transdermal 
delivery system from that of the 956 patent. Instead of delivering progestin and estrogen 
hormones from a single adhesive polymer matrix, it utilizes a bilayer or trilayer system in 
which (1) the estrogen is separated into a different layer from the progestin, (2) there may be 
membranes between the layers, and (3) only a single enhancer is utilized, and only in the 
progestin-containing layer. Granted, the 084 patent presents in vitro skin flux data that capric 
acid, as a sole enhancer, works well in that system, but capric acid was already known 
generally as a good skin permeation enhancer for steroid hormones (18), so even this was not 



In certain exemplary embodiments, the adhesive polymer matrix is formulated with about 2.5-5% 
capric acid and after drying the adhesive polymer matrix contains less than about 9% by weight capric acid 
(about 6% in one exemplary embodiment). 
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new information. Moreover, the 084 patent was not particularly instructive in suggesting 
what range of capric acid would be "suitable," suggesting as broad a range as 10-40% of the 
polymer material, 15-30% preferred. Given that the bilayer/trilayer system is quite different 
from the single layer adhesive polymer matrix system of the 956 patent, a skilled person 
would have to question what to do with this information. If capric acid works well in the 
bilayer/trilayer system, would it offer any improvement to the enhancer combination of the 
956 patent? If so, how much capric acid should be added to the 956 patent's enhancer 
formulation? If 15-30% yields "highly satisfactory skin absorption enhancement and 
satisfactory adhesion" (084 Col. 17, lines 54-56), should 15-30% be added to the enhancer 
combination of the 956 patent? Should other enhancer components be reduced? If so, by 
how much? Should all other components be altered or only some of them? Indeed, the in 
vitro skin flux data shown in the 084 patent suggest that capric acid alone might function 
better than the 956 patent's combination: compare 0.49 - 1.84 jag/cm 2 /hr progestin (Tables 3 
and 10) at 45-50% capric acid in the 084 patent's example patches with about 0.26 |ag/cm 2 /hr 
progestin (calculated from Fig. 2) for 45% total enhancers in the 956 patent's example patch, 
using the same in vitro skin flux test. In view of this information, should capric acid 
completely replace the other enhancers of the 956 patent? In my opinion, there would be no 
possible way to even begin to answer these questions without significant experimentation. 

20. As mentioned, the system of the present application modifies the system of the 
956 patent by adding a small amount of capric acid (about 1-12% as stated above) to the 
enhancer combination - much less than the preferred or even broader ranges taught by the 
084 patent. Again I submit that these specifically claimed modifications to the 956 patent's 
transdermal system could not have been imparted in any way to the skilled person by the 084 
patent. It is doubtless that significant trial-and-error experimentation was conducted by the 
inventor before these modifications were settled upon. 

The Significant Improvement in Clinical Results Achieved with the System of the 
Present Invention Could Not Have Been Predicted by Anything in the Cited Prior Art 

21. Finally, and perhaps most noteworthy, are the in vitro skin flux and in vivo 

clinical results obtained in the 956 patent system as compared with the system of the present 
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application or its parent, which is incorporated by reference. These are summarized in the 
table below. 





956 Patent 


Present Application or its parent 


In vitro skin 
flux model 
used 


Human cadaver skin on the Valia-Chien side- 
by-side type skin permeation cell system 
(Crown Glass Co., Branchburg, NJ) 
^example z oi 7jo paienij 


Human cadaver skin on the Valia-Chien side- 
by-side type skin permeation cell system 
(Crown Glass Co., Branchburg, NJ) 
[DAdmpic z oi parent oi prcbeni appiicaiionj 


In vitro skin 
flux rate for 
progestin 


Transdermal patch containing 45% total 
combined enhancers, 1.10 % progestin: about 
0.26 p,g/cm 2 /hr as calculated from Fig. 2 


Transdermal patch containing 43% total 
combined enhancers, 1.16% progestin: 
about 0.16 u>g/cm 2 /hr as calculated from Fig. 2 
of parent of present application 


Clinical model 


Fertile Chinese women, test period one 
menstrual cycle [Example 4 of 956 patent] 


1. Fertile Chinese women, test period three 
menstrual cycles [Example 4 of parent of 
present appiicauonj 

2. Fertile women, test period four menstrual 
cycles [Example 4 of present application] 


Serum 

concentration 
progestin 
delivered from 
1 0 cm 2 patch 


Serum concentration ranged from about 100- 
280 pg/ml, but generally was 200 pg/ml or 
lower [Fig 4, circles] 


Serum concentration ranged from about 600- 
2700 pg/ml but generally was in the 1000-2200 
pg/ml range [Fig. 7 of parent of present 
application] 


Serum 

concentration 
progestin 
delivered from 
two 10 cm 2 
patches or one 
20 cm 2 patch 


Serum concentration ranged from about 250- 
700 pg/ml, but generally was 500 pg/ml or 
lower [Fig 4, squares] 


Serum concentration ranged from about 900- 
3900 pg/ml but generally was in the 1500-3000 
pg/ml range [Table 2 of present application] 



22. As can be seen, the in vitro skin flux rate for progestin from a transdermal patch 
containing capric acid (data shown in parent of the present application) was actually poorer 
than that seen for the 956 patent's system. That is, from those data, it appears that the 
addition of capric acid actually decreased the effectiveness of the system for delivering 
progestin. Yet in the clinical studies, the steady state serum concentration of progestin 
delivered by a 1 0 or 20 cm 2 patch of the present invention was three- to eight- fold better than 
that of the 956 patent's formulation - about 1000-2200 pg/ml for a 10 cm 2 patch (as shown in 
the parent of the present application) and about 1500-3000 pg/ml for a 20 cm 2 patch (as 
shown in the present application.), versus only about 100-280 pg/ml on average for a 10 cm 
patch of the 956 patent's formulation (Fig. 4 of 956 patent, see "Group A") and about 250- 
700 pg/ml for a 20 cm 2 patch of that formulation (Fig. 4 of 956 patent, see "Group B"). It is 
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my considered opinion that this many-fold improvement in in vivo progestin delivery by re- 
formulating the matrix to include capric acid could not have been predicted from the 
information presented in the 956 patent or the 084 patent. Indeed, I do not believe that these 
results could have been predicted from any literature. 

23. In conclusion, I wish to emphasize again that transdermal drug delivery is an 
unpredictable and inexact science in which empirical observation and significant trial-and- 
error experimentation can and must play a critical role. It is for this reason, as elaborated 
above, that I do not believe the transdermal delivery system of the present application is in 
any way obvious in view of the references cited by the examiner. 

I further declare that all statements made herein of my own knowledge are true and 
that all statements made on information and belief are believed to be true; and further that 
these statements are made with the knowledge that willful false statements and the like so 
made are punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the 
United States Code, and that such willful false statements may jeopardize the validity of the 



above-referenced application or any patent issued thereon. 
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CONFIDENTIAL RESUME OF 
AGIS KYDONIEUS 

EDUCATION 

17 Savage Road 
Kendall Park, NJ 08824 
Phone:732-4224600 
Fax: 732-4227088 

e-mail: akydonieus@comcast.net 
WORK EXPERIENCE 

SAMOS PHARMACEUTICALS, LLC April 1998 - Present 

President 

Consultant/Scientific Advisory Board Member /Executive for several companies 
in the fields of drug delivery, including oral (peptides ) , transdermal, 
implantable, injectable, buccal and vaginal delivery, DNA vaccine delivery, 
and biopolymers, resorbable and non-resorbable for medical devices and tissue 
engineering, including devices for orthopedics, adhesion prevention, 
ophthalmics, wound care, cardiovascular applications, as well as for 
cosmetics and skin care. Experience in preclinical as well as Phase I through 
III clinical development. 

Aids clients in Business Plan preparation and in venture financing, through 
venture groups and through strategic alliances and joint ventures. 



BRISTOL-MYERS SQUIBB CORPORATION June 1988 - April 1998 

Vice President, Corporate R&D - ConvaTec 

Responsible for polymer and process research, drug delivery, skin 
biology, analytical chemistry, clinical supply and preclinical testing 
groups. In charge of a group of 3 0 developing polymers, products, and 
processes for medical devices and pharmaceuticals. Development of 
devices for the wound care, ostomy and incontinence markets, and 
transdermal and buccal pharmaceutical systems for BMS support and 
diversification. Basic research in polymer and adhesive synthesis 
including urethane adhesives and thermoplastic hydrogels, polymer 
surface modification, and biodegradable/bioabsorbable polymer 
modifications including PHB, caprolactone, chitosan, hyaluronic acid 
and collagen. Application of natural and synthetic polymers as 
templates for tissue engineering. Fundamental studies in skin 
adhesion, skin permeation, skin irritation and sensitization, 
antimicrobial skin lipids, and preparation of living skin equivalents. 
Responsible for identification, evaluation and project coordination of 
external Industrial and Academic programs . 

HEALTH- CHEM CORP. June 1971 - August 1 973/September 1974 - April 1988 

President, Hereon Laboratories Corporation 

Responsible for P & L for the company reporting directly to the 
President of Health-Chem. In charge of 110 employees in R&D, 
government regulations, quality control and production. Introduced to 
the marketplace a patch containing nitroglycerine and a novel wound 
dressing containing chlorhexidine . A clonidine patch for hypertension 



University of Florida, 
BSChE Summa Cum Laude 195 9 
Ph.D. Chem. Eng. 1964 
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was submitted to FDA for approval and a dozen other products were in 
human clinical trials. The sales of the company had shown at least a 
50% increase per year over the last four years. 

Made over 50 presentations to stock exchange groups, pharmaceutical 
analysts and institutional groups worldwide. Instrumental in obtaining 
a 2 0 million convertible debenture for Health Chem. 

Vice President 

Responsible for R&D, government affairs, new product promotions and 
marketing, patent development and licensing for the newly formed Hereon 
Division. Introduced multimillion dollar products based on the Hereon 
controlled release technology, such as the S. C. Johnson Raid Roachtape 
and the Union Carbide Glad Air Freshener Scentstrips. 

Engaged company in transdermal delivery of pharmaceutical products and 
negotiated 45 agreements including those with Ortho Pharmaceutical, 
Lederle Labs, Smith Kline, Warner Lambert, Squibb, Schering Plough, 
Hoffman LaRoche, and others for the development of transdermal 
therapeutic systems. 

Director R&D 

Developed processes (Hereon) for controlling the release of chemicals 
such as drugs, insecticides, repellents and pheromones from polymer 
membranes. Nineteen U.S.A. patents have issued and two more are 
pending in the U.S.A. and several foreign countries. 

BAXTER LABORATORIES August 1973 - September 1974 

Director of Corporate Biomedical Engineering 

Responsible for the Corporate R&D for this half billion dollar 
medical device company. In change of 85 engineers and scientists in 
the departments of polymer development, container processing, 
packaging, humidif ication, special projects, and pilot plant 
facilities. Major emphasis was in the development of polymers and 
polymer processes for the manufacturing of new containers for 
intravenous solutions, blood bags, freezer bags, humidif ication 
containers and unit dose vials. 



CHEMTECH, INC., BOSTON, MASSACHUSETTS May 1968 - June 1971 

President and Principal 

Responsible for financial and chemical engineering functions of the 
company. Supervised development work on urethane elastomers, moisture 
cured urethanes and two part system urethanes . Designed and installed 
pilot plant facilities and supervised the manufacture of several 
urethane products. Arranged financing for the company since its 
inception and negotiated the merger of Chemtech, Inc., with Ornsteen 
Chemical Co. (Seabrook, NH) . Designed and installed the company's 
plant facilities for the production of urethane elastomers. 
Responsible for P & L until company acquired by Morton Thiokol 
(Chicago, IL) . 



COOPER UNION (POLYTECHNIC INSTITUTE) , New York, NY May 1968 - January 1970 



Assistant Professor of Chemical Engineering 

Responsibilities involved teaching of graduate and undergraduate 
courses in chemical engineering. Taught courses in Mass Transfer 
Operations, Physical Chemistry, Plant Design, Chemical Engineering 
Economics and Air Pollution. Research interests were in the areas of 
minimization of intersolubilizing effects in solvent crystallization 
processes, and simulation of chemical plants by digital computer. 
Faculty adviser to student chapter of AIChE. 



UNION CAMP CORPORATION December 1964 - May 1968 

Process Scientist 

Responsibilities included project planning and coordination, and 
economic evaluation and profitability studies of chemical plants. 
Development studies on processes to separate fatty acids from rosin 
acids and monounsaturated acids from polyunsaturated fatty acids. 

UNION CARBIDE CORPORATION June 1960 - September 1962 

Chemical Engineer 

Responsibilities included the development of equipment for plastics 
processing; developed and designed pilot plant equipment used for the 
elimination of contamination from thermoplastic materials. U.S. Patent 
#3197533 was issued on the equipment and product obtained. Studied the 
pyrolysis of thermoplastic materials using pilot plant equipment; 
investigated the effect of branching and molecular weight distributions 
on the mechanical and rheological properties of polymers; above 
investigation allowed the tailor-making of products for specific uses 
such as blow molding, extrusion, injection molding, coating and wire 
and cable . 
HOBBIES AND OUTSIDE INTERESTS 

Photography, Sports, Oil Painting 
American Men of Science 

Recognition Award by the Controlled Release Society, 1990 
BMS Outstanding Corporate Contribution Award, 1992 

Adjunct Professor: Cooper Union 1970 - 1971 

1975 - 1976 

Director to: New Jersey Center for Biomaterials & Medical Devices-Member 

Industrial Advisory Board/ 1997 

MIT Biomaterials Consortium-Member Industrial Advisory 
Board/1997 

Health Chem Corp./l984 
Hereon Labs/1984-1988 

Controlled Release Society, Inc . /1974 - 1984 
Krikos, Inc ./ 1973 -198 0 
Chemtech, Inc . (Chairman) /1968-1971 
Exicon Import-Export Co . /1972-1981 



Member : 



Controlled Release Society, Inc . /1973 - Present 

(Cofounder, President, Vice President, Board Member, 



Trustee) 

American Institute of Chemical Engineers/1962 -Present 
American Association of Pharmaceutical Scientists 
Krikos, Inc . /1973 -Present (Cofounder, Board Member, 
Treasurer) 

Society of Biomaterials 

Society of Investigative Dermatology 

New York Academy of Sciences 
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Summary 

The effects of Labrasol (LBS) (glycolysed cthoxylated C 8 /C 10 glycerides), Labrafil (LBF) (glycolysed eihoxylated glyccridesX 
Transcutol (TSC) (diethylene glycol monoethyl ether) and DPPG (propylene glycol dipelargonate) on the flux across excised human 
skin of the lipophilic testosterone (TST) and the hydrophilic caffeine (CAF) and on the affinity of the human stratum corneum for 
these drugs arc compared taking propylene glycol (PG) and liquid petrolatum (LP) as reference vehicles. DPPG and LBF enhance 
CAF flux relative to PG while LBS and TSC increase the stratum corneum affinity for TST relative to LP. However, the materials 
tested enhance neither the flux of nor the stratum corneum affinity for both drugs with respect to either reference. On the other 
hand, a saturated solution of DPPG in PG enhances both properties for both iirugs relative to PG. Such effects arc ascribed to the 
ability of DPPG to interact with the lipid bilayers and to that of PG to promote DPPG penetration into stratum corneum and lo 
create interaction sites in such a tissue. 



Introduction 

Low systemic and cutaneous toxicity are pre- 
requisites of the materials used to enhance the 
percutaneous penetration of drugs. The low toxic- 
ity of Labrasol (LBS) (glycolysed cthoxylated 
C 8/C 10 glycerides), Labrafil (LBF) (glycolysed 
ethoxylated glycerides), Transcutol (TSC) (di- 
ethylene glycol monoethyl ether) and DPPG 
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(propylene glycol dipelargonate) has recently 
prompted investigation of the ability of these 
materials to promote the percutaneous penetra- 
tion of drugs. According to literature data, TSC 
can promote the percutaneous penetration of the 
lipophilic prostaglandin (Watkinson et al., 1991) 
and the hydrophilic theophylline (Touitou et al., 
1991). In particular, the effect -on prostaglandin 
percutaneous absorption was found to be 3-4-fold 
as strong as that of Azone. However, TSC is 
unable to exert any such effect on the lipophilic 
morphine (Rojas et al., 1991) or the hydrophilic 
peptide vasopressin (Banerjee and Ritschel, 1989). 
On the other hand, the flux through skin of 
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morphine and vasopressin can be accelerated by 
DPPG (Rojas et a!., 1991) and LBF (Banerjee 
and Ritschel, 1989), respectively. 

Consideration of the above results convinced 
us of the utility of further evaluating the ability of 
the above materials to influence the skin charac- 
teristics relevant to the therapeutic effect of drugs. 
These are the skin permeability by the drug and 
its retention capacity of the drug, which are re- 
lated to the systemic and/or topical action of the 
drug. The latter is particularly important in cases 
where the skin is the target organ (Shah et al., 
1992). To this aim we studied the effects of LBS, 
LBF, TSC and DPPG on the flux across excised 
human skin of testosterone (TST) and caffeine 
(CAF), chosen as models of lipophilic and hy- 
drophilic drugs, respectively, and on the affinity 
of the human stratum corneum for these drugs. 



Materials and Methods 

Materials 

Caffeine (CAF), liquid petrolatum (LP) and 
propylene glycol (PG) were bought from Farmi- 
talia Carlo Erba (Milano, Italy). Testosterone 
(TST) was purchased from Fluka Chemie AG 
(Switzerland). DPPG, Labrafil M 1944 (LBF), 
Labrasol (LBS) and Transcutol (TSC) were a gift 
from Gattefosse (Saint-Priest Cedex, France). 

Strips of human callus were removed from the 
plantar surface of volunteers with a scalpel, and 
stored in a desiccator over Cad 2 . 

Samples of whole adult human skin (mean age 
15-45 years) were obtained from breast reduction 
operations. Subcutaneous fat was carefully 
trimmed and the skin was immersed in distilled 
water at 60 ± PC for 2 min (Kligman and 
Christophers, 1963), after which the stratum 
corneum plus attached viable epidermis (SCE) 
was peeled off. The SCE samples were dried at 
room temperature in a desiccator maintained at 
approx. 25% RH. : The dried samples were 
wrapped in aluminium foil and stored at 4 ± J°C. 

In vitro skin permeation 

Skin permeation of CAF and TST was mea- 
sured using Franz cells (Franz, 1975). Samples of 



dried SCE were rehydrated by immersion in dis- 
tilled water at room temperature for 1 h before 
being mounted in diffusion cells. The receiving 
chamber had a volume of 4.5 ml and was filled 
with saline. The receptor phase was stirred and 
kept at 30 ± 1°C during the experiment. The sur- 
face area for permeation was 0.75 cm 2 . Suspen- 
sions (100 /il) of CAF or TST in PG, PG satu- 
rated with DPPG, LP, LBS, LBF, DPPG and 
TSC were applied to the skin and the experiment 
was run for 24 h. Samples of the receiving solu- 
tion were withdrawn at intervals, analysed for 
drug concentration and replaced with fresh solu- 
tion. 

The flux, /, through the skin was obtained, 
using linear regression analysis, by plotting the 
cumulative amount of drug permeated against 
time and dividing the slopes of the steady-state 
portion of the graph by the area of the diffusion 
cell. Each measurement was made in triplicate. 

Solubility determination 

An excess of drug was added to 4 ml of the 
appropriate solvent in a glass-stoppered test tube. 
This was stirred for 48-72 h in a thermostated 
(30°C) water bath, then the excess solid was re- 
moved by filtering through a 0.2 /im pore size 
polytetrafluoroethylene filter (SM11807 Sartorius 
GmbH, Gottingen, Germany) in an atmosphere 
thermostated at 30°C. The clear filtrate was di- 
luted with ethanol and analysed for drug concen- 
tration. The assay of TST concentration in LP 
needed the following procedure. A 50 ml sample 
of clear LP solution was added with 10 ^l of 
ethanol and the resulting mixture was vigorously 
shaken for 5 min; the ethanolic phase was as- 
sayed for TST concentration after centrifugation 
at 4000 rpm for 20 min.. 

Partition coefficient determination 

n-Octanol /water. n-Octanol and water were 
presaturated with each other. 1.5 ml of TST 
solution in //-octanol was added with 14.0 ml of 
water and the mixture was tumble-mixed for 24 h 
in an atmosphere thermostated at 30°C. After 
separating the phases by centrifugation, both the 
alcoholic and the aqueous solution were diluted 
and analysed for drug concentration. 
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Human callus / vehicle. Solutions of CAF or 
TST in the vehicles under study were prepared so 
that the drug concentration was about 50% of the 
saturation concentration. Fragments of dry callus 
(0.5-1.0 g) were hydrated by exposure to water 
vapour in a closed system at 37°C until the water 
content was about 30% (w/w) of the hydrated 
tissue. The hydrated callus fragments were placed 
in a screw-cap glass vial, stored overnight at 4°C, 
then added with a drug solution (5.0 ml) in the 
proper vehicle. The vial was placed in a ther- 
mostated (30°C) shaker water bath, and the equi- 
librium concentration of the fluid phase was de- 
tennined after 60 h (30 h for water); missing drug 
was assumed to have entered the tissue. The 
assay of TST concentration in LP needed the 
special procedure described under Solubility de- 
termination. The fragments of callus were gently 
sandwiched between filter paper to remove cling- 
ing vehicle and then weighed; this weight was 
used for calculating the partition coefficient, 
which was expressed as the ratio of molal to 
molar concentrations. 

For the purposes of the present study, human 
callus was considered representative of epidermal 
stratum corneum. Our choice was validated by 
comparing literature data on CAF and TST parti- 
tioning into stratum corneum with some of our 
data obtained using callus (see Table 1). 

Assay methods 

The drugs were assayed by high-performance 
liquid chromatography. An isocratic pump (Per- 



TABLE 1 

CAF and TST partitioning (fata a 



System 


CAF 


TST 




Human caJlus/water b 


J.56±0.50 


44.0 ± 


3.5 


Human callus/LP b 




4.9 ± 


2.8 


Horny layer/water c 


3.50 ±0.40 


47.4 ± 


1.7 


Homy layer/petrolatum c 


0.70 ±0.02 ,! 


5.3 ± 


0.7 


rt-Octanol/water b 


1679 ±44 



a Values are the mean±SD (n > 3). 

b The experiments were carried out at 30°C. 

c Data from Bronaugh and Franz (1986). The experiments 

were carried out at room temperature. 

d Datum from Carelli et al. (1990). 



kin Elmer, model 250) equipped with UV/Vis 
spectrophotometry detector (Perkin Elmer, 
model 290) was used. A 250x4.6 mm Partisil 
ODS-3 (5 /im) column (Whatman Chemical Sep- 
aration Inc., U.S.A.) was used for both TST and 
CAF. The mobile phase was a methanol/water 
mixture at 7:3 and 3.5 : 6.5 volume ratio for TST 
and CAF, respectively. TST and CAF were de- 
tected at 250 and 273 nm, respectively. 



Results and Discussion 

Under the conditions of our permeation exper- 
iments, if the stratum corneum is the only rate- 
determining barrier, then the drug flux, /, is 
expressed by the well known equation: 



J=(D/h)-S m 



(1) 



where D is the apparent diffusivity of the drug in 
the barrier, // denotes the effective barrier thick- 
ness, and S m is the drug solubility in the stratum 
corneum at equilibrium with the vehicle. 
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Fig. 1. Typical skin permeation curves of CAF from a drug 
suspension in LBS (a), PG (•), LBF (t), PC-DPPG (□) or 
DPPG («). The permeation curve relative to TSC could not 
be represented because it was superimposed on the PG curve. 
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Fig. 2. Typical skin permeation curves of TST from a drug 
suspension in DPPG ( ■ ), LBS ( ▲ ), TSC ( a ), PG (•), LP (o) 
or PG-DPPG (□). The permeation curve relative to LBF 
could not be represented because it was superimposed on the 

PG curve. 



Compliance with Eqn 1 implies that the plot of 
the drug amount permeated vs time should be 
linear, after a lag time required for attainment of 
the stationary state. Figs 1 and 2 show that this 
was in fact the case with all of the drugs and 
vehicles tested. The J and S m values for the 
vehicles under study were expressed in terms of 
the corresponding values for a reference vehicle. 
LP and PG were chosen as reference vehicles for 
their frequent use in topical formulations. For a 
given vehicle, the relative values, /* and S*, 
gauged the modifications by the vehicle of the 
skin properties relevant to drug flux and of the 
stratum corneum affinity for the drug, with re- 
spect to the reference vehicle. An approximate 
estimation of S* for each vehicle was achieved 
from the relevant values of callus/vehicle parti- 
tion coefficient, K, and drug solubility in vehicle, 
5 V , listed in Tables 2 and 3, according to the 
following equation: 

S* = (K/K r ) ■ (5 V /5 W ) • (d m /d mr ) (2) 
where d m is the density of callus at equilibrium 



TABLE 2 

Solubility (S u ), partitioning (K) and flux (J) data for CAF * 



Vehicle 


5 V 








(mg ml" 1 ) 


(ml*-') 


(fig cm" 2 h" 1 ) 


PG 


13.9±1.2 


2.87 ±0.5 


0.698 ±0.099 


Water 


27.9 ±1.7 


1.56 ±0.5 


0.724 ±0.041 


TSC 


14.1 ±0.9 


0.44 ±0.2 


0.635±0.197 


LBS 


12.0±0.8 


053 ±0.2 


0.277 ±0.057 . 


LBF 


3.3 ±0.4 


1.64 ±0.4 


L162±0.085 


DPPG 


1.9 ±0.05 


2.28 ±0.1 


2.278 ±0353 


PG-DPPG 


13.9 ±0.9 


3.27 ±0.2 


2.193±0.174. 



■ Values are mean±SD (n > 3). 

b Human callus/vehicle partition coefficient. 



with vehicle and the subscript r identifies the 
factors for the reference vehicle. 

The ratio of densities in Eqn 2 was taken as 
equal to unity, since in no case did the equilibra- 
tion with vehicle cause any important weight in- 
crease of callus nor was the vehicle density 
markedly different from that of callus. Determi- 
nation of S* by Eqn 2 involves the assumptions 
that callus is representative of epidermal stratum 
corneum and that Henry's Jaw holds in the phases 
at equilibrium up to saturation. 

Semiquantitative information on the vehicle 
effect on the kinetic factor, D/h, in Eqn 1 could 
be obtained, once /* and S* were assessed, by 
applying the following equation: 

y* = (/>//,)* •** (3) 



TABLE 3 

Solubility (S L X partitioning (K) and flux (J) data for TST a 



Vehicle 










(mg ml"') 


(mlg- 1 ) 


Oigcm" 2 h" 1 ) 


PG 


75.90 ±0.04 


5.20 ±2.50 


0.291 ±0.054 


LP 


0.43 ±0.04 


4.90 ±2.50 


0.319 ±0.084 


Water 


0.03 ±0.008 


44.00 ±3.50 


0.263 ±0.040 


TSC 


104.00±5.(X) 


0.38±0.05 


0.ZM ±0.036 


LBS 


46.10±0.90 


0.72 ±0.04 


0.102±0.070 


LBF 


20.90 ±1.00 


0.05 ±0.01 


0.283 ±0.029 


DPPG 


I3.20±0.50 


0.16 ±0.06 


0.079 ±0.080 


PG-DPPG 


74.10±L10 


11.00 ±2.50 


1.226±0.121 



0 Values are mean±SD (n > 3). 

b Human callus/vehicle partition coefficient. 
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The J * and S* values for CAF and TST in the 
different vehicles are listed in Table 4. For CAF 
only values relative to PG are reported, since we 
were unable to obtain reproducible values of the 
cailus/LP partition coefficient, perhaps due to 
excessive sensitivity of this system to the degree 
of hydration of callus, which could not be con- 
trolled with the accuracy needed in this particular 
case. 

Comprehensive consideration of the data in 
Table 4 shows that in all cases, except that of 
PG-DPPG, an effect on the affinity parameter, 
S* y is coupled with an opposite effect on the 
kinetic parameter, (D/h)*, as calculated from 
Eqn 3. Nevertheless, it should be recognized that 
the estimated (D/h)* values may reflect appar- 
ent changes of the kinetic factor instead of real 
changes. In fact, Eqn 1, from which Eqn 3 was 
derived, is strictly applicable to the diffusion 
across a homogeneous plane sheet, therefore, 
such an equation describes an oversimplified 
model of the skin barrier, which, in contrast, is a 
very complex polyphasic membrane. The drug 
may partly accumulate in zones of the stratum 
corneum which are excluded from the diffusive 
pathway (Shah et al. v 1992), and the vehicle may 
influence the drug distribution between the dif- 
ferent zones of the tissue. Therefore, variations 
of drug solubility in the horny layer, ensuing from 
changes in vehicle composition, may not be re- 
flected by steady-state flux data. 



As appears from the relevant 7*(PG) and 
y* (LP) values in Table 4, TSC produced no sig- 
nificant change of skin flux of either CAF or TST 
with respect to PG or of TST with respect to LP. 
However, the corresponding 5* values, 5*(PG) 
and 5*(LP), are significantly different from 1, so 
that a balance between opposite effects on the 
kinetic factor, (D/h)*, and the thermodynamic 
factor, 5*, in Eqn 3 can be argued. It is worth 
noting that the TSC effects on 5*(PG) were 
roughly similar for CAF and TST, despite the 
marked difference in polarity between the two 
dmgs apparent in Tabic 1 from the respective 
values of the octanol/water partition coefficient. 

Similar considerations can be made for the 
effects of LBS, except that with this vehicle the 
J* values are lower than with TSC. 

On the other hand, the effects of DPPG and 
LBF concerning CAF are not quite similar to 
those for TST. Indeed, for the former drug, the 
5*(PG) values are much the same as those ob- 
tained with TSC or LBS as the vehicle, so the 
enhancement of flux by LBF and, especially, 
DPPG with respect to PG, as quantitated by the 
relevant V*(PG) values, was mainly determined 
by a strong enhancement of the (D/h)* parame- 
ter. With TST as the drug, the two vehicles were 
unable to increase the drug flux with respect to 
PG, due to exceedingly low 5*(PG) values. 

Taken together, the results discussed so far 
have demonstrated the ability of LBF and DPPG 



TABLE 4 

Relative values of flux (J*) and drug solubility in stratum corneum (S*) 



Vehicle 



PG 
LP 

Water 

TSC 

LBS 

LBF 

DPPG 

PG-DPPG 



CAF 



y*(PG) 



1 

1.04 
0,91 
0.40 
1.66 
3.26 
3.14 



Si (PG) 



1 

1.10 
0.15 
0.16 
0.14 
0.11 
1.14 



TST 



J * (PG) 



1 

1.10 
0.90 
0.79 
0.35 
0.98 
0.27 
4.22 



S* (PG) 



1 

0.0054 

0.0033 

0.100 

0.084 

0.0027 

0.0054 

2.091 



7* (LP) 



0.91 
1 

0.82. 

0.72 

0.32 

0.89 

0.25 

3.84 



« (LP) 



187.0 
\ 

0.6 
18.7 
15.7 
0.5 
1.0 
391.0 



a Values relative to PG. 
b Values relative to LP. 
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to facilitate the flux and the diffusivity of CAF 
across the stratum corneum with respect to PG, 
and the inability of any of the materials tested to 
increase the stratum corneum affinity for either 
drug over that produced by PG. Also, PG exerted 
a strong enhancing effect on the affinity of the 
stratum corneum for TST with respect to LP, as 
shown by the relevant S*(LP) value in Table 4. 
These considerations motivated us to examine a 
saturated solution of DPPG in PG, where the two 
components could exert their maximum effects 
on skin. The /* and S* values in Table 4 for 
PG-DPPG as the vehicle are indeed the highest 
of all vehicles. However, even though the affinity 
parameter was equal or doubled with respect to 
PG alone, the effect on the kinetic parameter, as 
extimated through Eqn 3, was much weaker than 
that assessed for DPPG alone with either drug 
and reference vehicle. If the effect of PG-DPPG 
on S m were assumed to consist in creating sites 
or zones in the skin interacting with the drug, 
without varying the thermodynamic activity in its 
actual diffusive pathway, then the steady-state 
flux might remain unaltered, while the apparent 
diffusivity would undergo a change opposite to 
that of S m , even though the true diffusivity in 
such a pathway would be left unchanged. If the 
data in Table 4 are viewed in the light of the 
above hypothesis, an enhancement of the true 
kinetic factor can only taken for certain where 
both the experimental /* value and the (D//0* 
value estimated through Eqn 3 are greater than 1. 
Inspection of Table 4 leads one to conclude that 
the certainty of an enhancement of the true ki- 
netic factor for both drugs can only be stated for 
DPPG in the PG-DPPG mixture, with reference 
to PG. This property of DPPG may be linked to 
the comparatively low polarity of this material 
enabling it to penetrate into the stratum corneum 
and interact with the lipid bilayers, thus increas- 
ing their fluidity or forming, as proposed by 
Walker and Hadgraft (1991) for oleic acid, fluid- 
like channels. When DPPG is used in combina- 
tion with PG, the latter appears to promote DPPG 
penetration into stratum corneum and to create 
interaction sites in such a tissue. The fact that 
both CAF and TST fluxes were apparently af- 
fected by such an action of DPPG is in accord 



with the view that the lipid bilayers are an impor- 
tant rate-determining factor for the transcuta- 
neous penetration of polar as well as nonpolar 
drugs (Barry, 1991). With LP as the reference, no 
vehicle can be assumed to increase the kinetic 
factor for TST penetration. Indeed, LP is so 
highly occlusive as to result in extensive hydration 
of the stratum corneum, which is known to in- 
crease drug diffusivity in the lipid pathway (Barry, 
1987). 



Conclusions 

The potential of a vehicle to increase the affin- 
ity between stratum corneum and drug should be 
considered with regard not only to transdermal 
but also to topical drug delivery. Indeed, where 
drug delivery to the skin as target organ is con- 
cerned, drug retention in the skin is the main 
consideration as opposed to drug flux across the 
skin (Shah et al., 1992). In this respect, the PG- 
DPPG mixture may be regarded as an interesting 
vehicle for nonpolar drugs. The present results 
have shown that the enhancing effects of the 
materials studied on the flux of either the polar 
CAF or the nonpolar TST across excised human 
skin were determined by the kinetic factor, D/h, 
rather than the thermodynamic factor, S m , in 
Eqn 1, even in those cases where the latter factor 
was increased to a substantial degree. 
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Blanching Activities of Betamethasone Formulations 

The effect of dosage form on topical drug availability 



E. \V. Smith, E. Meyer, and J. M. Haigh 



Summary 

The blanching activities of Betnovate? cream, lotion, oint- 
ment and scalp application (each containing 0. J % beta- 
methasone (as the 1 7-valerate)) were determined using 
healthy human subjects over a 32 h. period in both the 
occluded and unoccluded modes. Considering that all four 
formulation types contained the same label concentration 
of corticosteroid, it may be presumed that the formulations 
would show similar topical drug availability: this was, 
however; not found to be the case. The scalp application 
demonstrated the highest topical availability in both the 
occluded and unoccluded modes. The lotion formulation 
showed the greatest increase in topical availability on oc- 
clusion and the ointment formulation was the least sen- 
sitive to the effects of occlusion. These differences, due 
solely to the effects of the vehicle, may have important 
clinical implications. 

Zusammenfassung 

Bleichwirkung von Betamethason-Zubereitungen / Bin- 



flufi der Formulierung auf die topische Arzneimittelver- 
fugbarkeit 

Die Abblassung der Haut durch Betnovate® Crente, Lo- 
tion, Salbe und Skalpanwendung (jeweils 0,1 % Betame- 
thason als 1 7- Valerat) wurden iiber 32 h an gesunden Pro- 
banden im verschlossenen und nicht-verschlossenen Mo- 
dus untersucht. Da alle vier Arzneiformen die gleiche Kon- 
zentration des Kortikosteroids enthielten, war anzuneh- 
men, dafi die vier verschiedenen Arzneiformen ahnliche 
topische Wirkung zeigen wurden. Dies war jedoch nicht 
der Fall. Die Skalpanwendung liefi die hocliste topische 
Wirkung im verschlossenen und nicht-verschlossenen Mo- 
dus erkennen. Die Lotion zeigte die grdfite topische Ver- 
fiigbarkeit unter Okklusion, wdhrend die Salbe gegenuber 
der Okklusionswirkung am wenigsten sehsitiv war. Diese 
Unterschiede, die ausschliefilich auf den Einflufi der Trd- 
gersubstanzen zurxickzufuhren sind, konnten klinisch re- 
levant sein. 



Key words: Betamethasone J 7-valerate, clinical studies • Betnovate 9 • Corticosteroids, topical 
Skin, blanching 



1. Introduction 

The human skin blanching assay has been shown to be a 
reliable method of assessing topical corticosteroid po- 
tency and availability [1]. This bioassay was used to com- 
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pare the blanching activities of four commercially avail- 
able topical formulations from the same manufacturer, 
each containing a label concentration of 0.1 % betame- 
thasone (as the 1 7-valerate ester). The corticosteroid for- 
mulations tested were a cream, lotion, ointment and 
scalp application, the objective of the research being to 
determine the effect that the different delivery vehicles 
would have on the corticosteroid availability. Appropri- 
ate application regimens for the clinical usage of the dif- 
ferent products could therefore be suggested. 

2. Subjects and methods 

The methodology for this trial varied from the general scheme 
normally used in our laboratories [1—3] in that each forearm 
application site was exposed to an equivalent mass of corticoste- 
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roid, contained within different aliquots of each formulation 
type. In normal assay protocol equal masses or volumes of each 
formulation arc applied to each site. This may result in different 
masses of the active ingredient being exposed to the skin as a 
result of varying drug concentrations within these formulations. 
It was believed that these small, interformulation concentration 
differences may influence the magnitude of blanching elicited. 
In this study it was important that only the formulation vehicle 
influences on drug release and subsequent blanching be manifest, 
without the additional influences of variable drug masses. 
AH the formulations (Betnovate® 11 ) were purchased from a local 
pharmacy shortly before use and were within their shelf expira- 
tion period. Twelve healthy male and female volunteers were 
selected for the trial from a panel of subjects known to show a 
skin blanching response to a standard screening preparation 
(Betnovate cream). All subjects had previously taken part in sim- 
ilar experiments and written informed consent was obtained 
from each subject. The volunteers had not received topical or 
systemic corticosteroids for at least six weeks prior to the inves- 
tigation. 

The four products were each assayed by a high-performance liq- 
uid chromatographic method described previously [4] which 
yielded the exact drug concentration in each formulation. Serial 
weighings were conducted to establish the mass of each stripe of 
cream or ointment extruded from the 1 ml-tuberculin syringes 
normally employed in the blanching assay application procedure 
[1]. Weighings were also conducted to establish the mass per ul 
of lotion or scalp application that would be delivered to the skin 
from a transfer pipette (Brand, Wertheim, FR Germany). From 
this data the mass or volume of each formulation to be applied 
could be calculated so that an equivalent mass of betamethasone 
17-valerate would be deposited on each application site. 
Table 1 lists the assay values for each product and the mass of 
betamethasone (as the 1 7-valerate) applied to each forearm site. 
This list indicates that the masses of drug applied for each of the 
formulations were not identical. This was mainly due to the dif- 
ficulty in precisely extruding a fraction of a stripe of the semi- 
solid formulations from the application syringes. Whole-stripe 
values were therefore adopted for the cream and ointment and 
the volumes of the lotion and scalp application were adjusted to 
yield an average applied drug mass of 3.62 ug. The drug dose 
was, therefore, as uniform as possible given the limitations of the 
application technique. Adhesive labels from which two 7x7 mm 
squares had been punched were applied to the flexor aspect of 
both forearms of each volunteer, producing 12 discrete applica- 
tion siles per arm. Since only four formulations were tested, each 
formulation occupied three sites per arm. The formulations were 
applied in four different arrangements, each application pattern 
being chosen randomly to avoid any bias during application and 
observation. 



Table 1: Formulation assay values and mass of betamethasone (a$ the 17- 
valcraie) applied to each site. 



Formulation 


Percentage purity 


Mass (ug) 


Cream 


99.02 


3.42 


Lotion 


91.54 


3.56 


Ointment 


104.50 


3.87 


Scalp application 


121.61 


3.64 



The sites on one forearm of each volunteer were occluded with 
aporous plastic tape, and the sites on the other arm were left 
unoccluded. The residual formulations were removed from the 
sites of both forearms 6 h after application. Thereafter, assess- 
ment of the blanching response was made independently by three 
experienced observers at 7, 8, 9, 10, 12, 14, 16, 18, 28 and 32 h 
after initial application and the results of the three observers 
were pooled for statistical analysis. The intensity of blanching 
was visually graded on a 0—4 scale where 0 represents normal 
skin and 4 represents intense blanching over the whole applica- 
tion site, with the values of !, 2 and 3 representing the respective 
grades of blanching between the two extremes [5]. Four formu- 
lations applied to 12 sites on each forearm of twelve volunteers 
resulted in the blanching produced by each formulation being 
observed 108 times at each observation interval in both the oc- 
cluded and unoccludcd application modes. 



'> Manufacturer Glaxo (Pty.) Ltd., Johannesburg (South 
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The percentage of the total possible score (% TPS) was calculated 
[I] and plotted against time in hours after preparation applica- 
tion, to generate blanching profiles for each application mode. 
The trapezoidal rule was used to calculate the area under the 
blanching curve (AUC). Statistical analyses (x 2 ) at the 95 % level 
of significance were performed on the graded responses of the 
formulations being compared, and on direct comparisons be- 
tween application sites [6]. 

3. Results and discussion 

The blanching profiles of the four formulation types are 
plotted in Fig. 1 and 2 for the unoccluded and occluded 
application modes, respectively. Having applied approx- 
imately the same mass of betamethasone 17-valerate to 




6 12 16 24 30 36 

TIME / hours* 



Fig, J: Blanching profiles of commercial betamethasone 17-valcratc for- 
mulations 'assessed in the unoccluded application mode <0 - cream, A - 
lotion, O = ointment. O - scalp application). %TPS - percentage of the 
total possible score. 




TIME / hours 

Fig. 2: Blanching profiles of commercial betamethasone I7 r valcrate for- 
mulations assessed in the occluded application mode (O - cream, A « lo- 
tion, □ - ointment. O - scalp application). %TPS - percentage of the total 
possible score. 
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each forearm site, it is interesting to note the markedly 
different blanching profiles elicited by the different for- 
mulations and to speculate on reasons for relatively 
greater drug movement from one formulation compared 
to that from another. 

3.1. Unoccluded application mode 

The decreasing rank order of blanching observed in the 
unoccluded application mode, as indicated by the AUC 
values (Table 2), is scalp application, ointment, cream 
and lotion. It was anticipated that drug release would be 
greatest from the alcoholic solution of the scalp applica- 
tion. Facile partitioning of the corticosteroid obviously 
occurs from this simple formulation to the stratum cor- 
neum. Furthermore, movement of the alcohol molecules 
into the skin may assist in transporting the drug or in 
modifying the environment of the horny layer so that the 
affinity of the drug molecules for this medium is en- 
hanced. The inherently occlusive nature of the lipophilic 
ointment formulation tends to hydrate the stratum cor- 
neum, even in the unoccluded application mode, and this 
trapped moisture enhances corticosteroid movement 
through the tissue. The relatively high degree of drug per- 
meation observed from this dosage form is also, there- 
fore, not unexpected. The blanching generated by the 
cream formulation occupies an intermediate position be- 
tween that of the ointment and lotion dosage forms. The 
creams arc generally less occlusive to endogenous water 
loss and, thus, less extensive blanching profiles are nor- 
mally observed for creams than for ointments in the un- 
occluded mode. The low degree of blanching elicited by 
the lotion formulation was unexpected in that it was as- 
sumed the drug would be solubilized in this relatively 
nonviscous formulation in the presence of cosol vents that 
may enhance partitioning or drug movement through the 
stratum corneum. In comparison to the other products it 
appears that, in the unoccluded mode, the affinity of the 
drug for the lotion vehicle is greater than its affinity for 
the skin. 



Table 2: Area under ihc curve values for betamethasone 17-va!crate for- 
mulations in the occluded and unoccluded modes. 



Formulation 


Occluded 


Unoccluded 


Cream 


1085 


929 


Lotion 


1215 


818 


Ointment 


998 


965 


Scalp application 


1369 


1089 



In summary, the blanching profile of the scalp applica- 
tion attains its peak value approximately 2 h earlier than 
the profiles of the other formulations. The ointment, 
cream and lotion produce similarly-shaped profiles that 
peak at approximately 14 h. 

Statistically, there are significant differences between the 
degree of blanching elicited by the scalp application and 
that produced by the cream and ointment formulations 
at the early and peak observation times (7—12 h), 
whereas differences are not significant at later periods. 
The blanching produced by the scalp application is sig- 
nificantly superior to that of the lotion at all observation 
times between 7 and 18 h at adjacent sites. 
There is no statistically significant difference between the 
blanching produced by the ointment and by the cream at 
any observation time, even though there is an obvious 
rank order difference between these two profiles. How- 
ever, the ointment and lotion blanching profiles demon- 
strate significant differences between the 9- and 18-h ob- 
servations and the cream and lotion blanching profiles 
demonstrate significant differences between the 14- and 
18-h observation times, inclusive. 
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Hence, the majority of statistically significant differences 
occur over the period of peak blanching, with statistical 
equivalence observed at early and late reading times. 

3.2. Occluded application mode 

The use of occlusive dressings in the blanching assay in- 
creases the degree of drug permeation from all four dos- 
age forms and causes peak blanching to be elicited 2—4 
h earlier, when compared to the unoccluded data. The 
most marked difference is observed for the lotion for- 
mulation which increases its peak %TPS value from 40 % 
in the unoccluded mode to approximately 70 % in the 
occluded mode. The additional horny layer moisture that 
is present in this case may interact with the cosolubilizer 
ingredients of the lotion formulation to produce a highly 
favourable partitioning environment for the corticoste- 
roid. 

The peak blanching produced under occlusion by the 
scalp application and cream formulations each increase 
by approximately 15 % compared to the unoccluded re- 
sults. Again the additional moisture in the skin must im- 
prove partitioning or facilitate drug diffusion through the 
skin strata that have swollen as a result of the higher wa- 
ter content. 

It is possible that not only does the occlusion trap tran- 
spiraiional moisture in the skin, but that the aqueous dos- 
age forms may supply some of the water that is partici- 
pating in the hydrating process. Another possibility is 
that water (or other volatile components) may evaporate 
from the aqueous dosage forms (cream and lotion) during 
the unoccluded exposure period, thereby altering the mi- 
cro-environment of the drug within the delivery vehicle. 
Partitioning of the corticosteroid, although now in 
greater concentration, from this modified environment 
into the stratum corneum may be unfavourable and may, 
therefore, be retarded in the unoccluded mode, produc- 
ing the relatively low blanching profiles. 

On the other hand, the increase in blanching observed for 
the ointment in the occluded mode is a relatively small 
3 %. The inherently occlusive nature of the ointment may 
induce near-maximal endogeneous hydration of the stra- 
tum corneum when this product is applied without fur- 
ther occlusive wrapping. The subsequent use of occlusive 
tape, as practised in the occluded assay mode, therefore 
adds little to the occlusion already afforded by the lipo- 
philic ointment and, hence, the relative increase in drug 
permeation observed in the occluded mode is minimal. 
A greater relative percentage increase in the blanching 
elicited by cream formulations in comparison to oint- 
ment formulations, in the two application modes, has 
been reported previously [5]. 

Statistically, the drug release from the scalp application 
is significantly superior to that from every other formu- 
lation at all observations times up to the 1 8-h period. In 
congruency, the blanching produced by the lotion for- 
mulation is significantly greater than that produced by 
either the ointment or cream at all observation times be- 
tween 7 and 14—16 h, and the degrees of blanching pro- 
duced by the cream and ointment formulations are sig- 
nificantly different at all observation times between 7 
and 12 h. 

In summary, the hydration of the stratum corneum in- 
duced by the occlusive covering significantly influences 
the drug partitioning between applied product and skin, 
and the diffusion of the drug through the skin strata. This 
is especially apparent for the alcoholic solution and aque- 
ous dosage forms but does not seem instrumental in im- 
proving drug permeation from the ointment environ- 
ment. The blanching profiles elicited by all four prepa- 
rations in the occluded mode are similar in shape and in 
the timc-to-pcak values. In contrast to the unoccluded 
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mode, the lotion and cream formulations demonstrate 
superior blanching to the ointment, while permeation 
from the scalp application is maximal in both modes. 
There arc significant differences between all four profiles 
indicating statistically real superiority in the drug release 
potential of certain formulations over that of others. In 
every comparison the significant differences in the 
blanching produced are apparent at the first observation 
time (7 h), and these disparities remain statistically sig- 
nificant until well after the period of maximum blanch* 
ing. These blanching differences have been ascribed to 
drug partitioning factors and the augmentation of diffu- 
sion through the stratum corneum by partitioned for- 
mulation ingredients. 



This is especially important in view of the increasing 
number of occlusive dressings that are becoming com- 
mercially available for occluding corticosteroid applica- 
tion sites. The ointment formulation appears the least 
affected, relatively, by additional external occlusion, 
probably because the nonaqueous vehicle cannot deliver 
additional moisture to hydrate the skin, or the drug par- 
titioning environment is little affected by the evaporation 
of formulation components. The clinical appearance of 
the diseased skin and patient preference should advocate 
the prescription of an ointment vehicle in the normal 
manner, however, the benefits of applying additional oc- 
clusion over these anhydrous formulations to enhance 
availability appears questionable. 



4. Conclusions 

In both application modes the blanching generated by the 
scalp application, and by inference the drug availability 
from this vehicle, is clearly superior to that of the other 
three formulation types. This poses interesting clinical 
questions as the formulation will normally be applied to 
scalp skin that is reportedly more permeable than skin of 
many other anatomical sites [7]. It is possible that signif- 
icant localized, and possibly systemic, concentrations of 
the drug may develop after repeated, widespread use of 
this dosage form. This is especially apparent if one ex- 
amines the assay value for this formulation which was 
measured to be approximately 20 °/o overstrength, pre- 
sumably because of loss of the volatile alcoholic compo- 
nent on storage. Patients would apply this concentrated 
product, that has inherently high bioavailability poten- 
tial, to diseased skin of an anatomical region that is in- 
herently more permeable than skin of other anatomical 
areas. This scenario poses a clear case for concern by the 
clinician. 

The aqueous dosag'c forms appear to benefit most by ad- 
ditional occlusion of the application sites. The exact rea- 
son for the large disparity in the blanching elicited by the 
aqueous formulations, especially the lotion, in the two 
application modes is unknown. Either the enhanced hy- 
dration of the application site skin under occlusion, or 
the loss of volatile components from the unoccluded for- 
mulations, and resultant alteration of the partitioning po- 
tential, may be involved. A combination of these mech- 
anisms may also be operative. Drug availability is espe- 
cially enhanced from the lotion under occlusion and one 
should remain aware of this enhancement in the coun- 
selling of patients into the correct usage of the products. 
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Summary 

In vitro, the transport of hydrocortisone acetate across a model synthetic membrane has been investigated. Subsaturated r 
saturated and supersaturated solutions of hydrocortisone acetate, formed by mixing appropriate propylene glycol/ water cosolvent 
systems, were studied. Transport was linearly proportional to the degree of saturation over the wide range studied. Supersaturated 
systems have potential application in topical drug delivery especially when release from saturated solutions is limiting. 



Introduction 

The importance of the degree, or fraction, of 
saturated solubility of a drug in a topical formula- 
tion on percutaneous absorption was first pre- 
dicted by Higuchi (1960). Since then, many stud- 
ies using subsaturated through to saturated sys- 
tems have demonstrated a correlation between 
the degree of saturation and in vitro membrane 
transport, using both synthetic membranes (Poul- 
sen et a!., 1968; Flynn and Smith, 1972) and 
human skin (Ostrenga et al., 1971; Dugard and 
Scott, 1986), in vivo percutaneous absorption in 
man (Hadgraft et al., 1973; Woodford and Barry, 
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1982; Lippold and Schneeman, 1984) and clinical 
efficacy in man (Malzfeldt et al., 1989). 

According to Higuchi (I960), supersaturated 
and other metastable states will increase trans- 
port beyond the limiting value achieved with satu- 
rated solutions. Despite early experimental evi- 
dence to support this hypothesis (Coldmann et 
al., 1969) there has, until recently, been little 
work on supersaturated systems presumably be- 
cause of concern for their unstable nature. 

Recently, however, the remarkable effects of 
antinucleant polymers in stabilising supersatu- 
rated solutions have been utilised to demonstrate 
marked improvement in percutaneous absorption 
from supersaturated systems (Kbndo et al., L987; 
Nitto Electric, 1987). Most previous work has 
used the effects of volatile additives to produce 
increasing, thus varying, degrees of supersatura- 
tion upon loss of additive. 



In this study hydrocortisone acetate in the 
mixed cosoivent system propylene glycol/water 
has been used to generate subsaturated, satu- 
rated and physically stable supersaturated solu- 
tions to allow comparison of their transport across 
a model membrane. 



Materials and Methods 

Materials 

Hydrocortisone acetate was purchased from 
Roussel (U.K.). Polydimethylsiloxane membrane 
was purchased from Dow Corning (U.K.). All 
other chemicals used were of at least reagent 
grade and used without further purification. 

Methods 

Solubility of hydrocortisone acetate in water-pro- 
pylene glycol cosoivent system 

A series of water-propylene glycol mixtures 
were prepared from 100% water to 100% propy- 
lene glycol in 5% w/w increments. To each was 
added excess solid hydrocortisone acetate (HA) 
and the suspensions shaken for 24 h at controlled 
room temperature (23 ± 1°C). Room temperature 
was used for convenience, especially as previous 
work had shown little effect of temperature on 
saturated solubility of HA in the range 20-30°C. 
The suspensions were centrifuged and the super- 
natant solutions carefully sampled. The saturated 
solutions were assayed, diluted as required, by 
direct injection onto a suitable high-pressure liq- 
uid chromatographic system. Experimental condi- 
tions used were: ODS 250 mm X 4.6 mm i.d. 
column; ultraviolet detection at A = 240 nm with 
methanol /water (65:35% v/v) as the mobile 
phase at a flow rate of 1.5 ml/min. Quantifica- 
tion was by external standard. 

Mixbig of. cosoivent systems to produce subsatu- 
rated, saturated and supersaturated solutions 

Depending upon the relative polarities of the 
solute and the binary cosoivent system, saturated 
solubility plots will often show an exponential 
increase with solvent composition as shown in 




solvent a 100 50 0 

solvent b 0 50 100 

Fig. 1. Saturated solubility of a solute in a binary cosoivent 
system. Effects of mixing: B'B is the saturated solubility curve 
of solute in binary cosoivent system ab. System B (saturated 
solute in solvent b) is mixed with system A (no solute in 
solvent a) or systems G or H (no solute in cosoivent ab) to 
produce subsaturated, saturated or supersaturated solutions 
exemplified by C f D and E, F, respectively. 



Fig. 1 (curve B'B). A basic property of these 
systems is that by mixing suitable sol ute-cosol vent 
solutions, subsaturated, saturated and supersatu- 
rated solutions can be formed. Fig. 1 shows 
schematically that mixing system A (no solute in 
100% solvent a) with system B (saturated solute 
in 100% solvent b) will result in systems C (sub- 
saturated), D (saturated) and E and F (both 
supersaturated) depending upon the ratio of A to 
B used. In practice, systems A and B may them- 
selves be muted cosolvents and system B need not 
necessarily be saturated with solute. Thus, for 
example, in all experiments conducted a common 
donor solution, as represented by B, 0.08% satu- 
rated w/w hydrocortisone acetate in 88% propy- 
lene glycol/12% water, has been used with cosoi- 
vent systems as represented by A, G and H, to 
form the required degrees of saturation. Given 
the composition of B and the final composition 
required, the compositions of systems repre- 
sented by G and H were calculated using a simple 
simultaneous equation. All systems represented 
by A, G and H contained 0.5% hydroxypropyl- 
methyl cellulose as antinucleant polymer to sta- 
bilise the supersaturated solutions. 

The degree of saturation of experimental solu- 
tions of varied composition was calculated by 
dividing the resulting concentration after mixing 
with the experimentally determined value of the 
saturated solubility at that resulting composition. 
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In vitro membrane transport cell methodology 

A simple cylindrical glass cell was used. The 
receptor compartment (approx. 100 ml) and the 
donor compartment were clamped together with 
the membrane between flat flanges. The mem- 
brane surface area was approx. 20 cm 2 . A port in 
the receptor compartment was used for sampling. 
Polydimethylsiloxane membrane (0.005 inch) was 
washed in water, dried, and then soaked in iso- 
propyl myristate for 1 h and wiped with tissue to 
remove surface liquid. The receptor fluid used 
was propylene glycol /water (25:75% v/v) which 
was stirred at 100 rpm using a magnetic flea. The 
studies were conducted at controlled room tem- 
perature (23 ± 1°C). In previous experiments it 
was demonstrated that the addition of antinucle- 
ant polymer to supersaturated systems produced 
a (pseudo) stable state showing no measurable 
changes in transport when studied over several 
days after muting. However, all solutions were 
studied within 1 h after mixing. 10 g samples of 
the solutions under study, an infinite dose, were 
placed on the donor side of the membrane. 100 
/ii of receptor was sampled at appropriate times. 
Analysis was as described under Solubility stud- 
ies. 

fn vitro membrane transport studies 

Three series of experiments were conducted 
(a-c). 

(a) Transport from 0.02% w/w saturated hy- 
drocortisone acetate: In order to confirm that the 
cell and membrane system chosen could be de- 
scribed by Fick's First Law of diffusion, transport 
of hydrocortisone acetate was studied from a 
0.02% w/w saturated solution (propylene glycol/ 
water, 56 : 44% w/w) over 8 h. 

(b) Transport from subsaturated and saturated 
solutions: Poulsen (1972) has analysed several 
models of percutaneous absorption. In the sim- 
plest case, where the vehicle has no effect on the 
rate-limiting membrane, the partition coefficient 
between the vehicle and the membrane (P c ) is a 
reciprocal function of drug saturated solubility in 
the vehicle (C v ). 



In these studies, P c was not determined experi- 
mentally but was expressed as 1/C v (satu rated) 
from Eqn 1. 

In three experiments, the effects of concentra- 
tion and partition coefficient (expressed as reci- 
procal saturated solubility in the vehicle) were 
studied. (1) A classical concentration response 
was studied from 0.005, 0.0067, 0.008, 0.10, 0.013 
and 0.02% w/w hydrocortisone acetate all in a 
fixed vehicle of propylene glycol/ water (56:44% 
w/w). These correspond to the following frac- 
tional degrees of saturation, 0.25, 0.33, 0.40, 0.50, 
0.67 and 1. (2) A response to the partition coeffi- 
cient was studied using 0.02% w/w hydrocorti- 
sone acetate in a range of vehicles chosen to 
correspond to the following fractional degrees of 
saturation, 0.25, 0.33, 0.40, 0.50, 0.67 and 1 . (3) In 
Expts 1 and 2, either partition coefficient (ex- 
pressed as reciprocal saturated solubility in the 
vehicle) or concentration was fixed with the other 
being varied. In this study, saturated solutions of 
0.005-0.08% w/w were investigated in which both 
concentration and partition coefficient vary but in 
relation to each other so that their product is a 
constant. As transport is proportional to P C C V 
transport from these saturated systems was ex- 
pected to be similar (Poulsen, 1972). Experiments 
were conducted over a 3 h period and reported as 
amount transported per h. 



TABLE l 

Composition of supersaturated solutions produced by mixing 
B:A in various proportions 



Ratio of B: A 




Concentration 


Degree of 


Vehicle 


B 


A 


(% w/w) 


saturation 


No. 










1 


1 


0 


0.08 


1 


2 


1 


1 


0.04 


4 


3 


1 


*> 


0.027 


6.9 


4 


1 


3 


0.02 


8.33 


5 


1 


7 


0.07 


6.67 


6 


I 


15 


0.005 


3.84 



P c = constant 



1 



C v (saturated) 



(i) 



B: 0.08% w/w saturated hydrocortisone acetate (vehicle 
propylene glycol/water, 88:12 w/w); C: 100% water contain- 
ing 0.5% antinucleant polymer. Degree of saturation was 
calculated by reference to Fig. 1. 



(c) Transport from supersaturated solutions: 
Two experiments were conducted. (1) At a fixed 
concentration of 0.02% w/w hydrocortisone ac- 
etate, transport from times I, 2, 4, 5, 6 and 8 
degrees of saturation were studied. Vehicle com- 
positions were calculated by reference to Fig. 1. 
(2) The effect of mixing systems equivalent to A 
and B in Fig. 1 in varied ratios was investigated. 
In this experiment, concentration, degree of satu- 
ration and their product was varied. Table 1 lists 
the ratios used and the resulting concentrations 
and degrees of saturation. Experiments were run 
over 1 h and reported as amount transported per 
h. 



Results 

Fig. 2 shows the saturated solubility of hydro- 
cortisone acetate in propylene glycol/ water co- 
solvent system. As the percent propylene glycol 
increases, the saturated solubility of hydrocorti- 
sone acetate also increases but in an approx. 
exponential manner. This exponential increase 
has been observed with other solutes in propy- 
lene glycol/ water cosolvent systems and these 
results are very similar to values reported previ- 
ously (Yalkowsky and Roseman, 1981). 




0 20 40 60 80 100 
percent propylene glycol 

Fig. 2, Saturated solubility of hydrocortisone acetate in 
water-propylene glycol cosolvent system at 23°C Mean, n « 3. 




0 2 4 6 8 10 



time (hours) 

Fig. 3. Transport of hydrocortisone acetate from a saturated 
0.02% w/w solution over 8 h (vehicle propylene glycol/water, 
56:44% w/w). Demonstration of Fickian diffusion. Mean, 

n m 3, ± S.E. 

This plot was used as shown in Fig. t to design 
formulations of varying concentration and degree 
of saturation produced by mixing appropriate co- 
solvent-solute systems. Degree of saturation was 
determined by dividing actual concentration 
achieved after mixing by the value for saturated 
solubility, from Fig. 2, for the vehicle composition 
after mixing. 

Fig. 3 shows transport from a 0.02% w/w 
saturated hydrocortisone acetate formulation over 
8 h. Transport is almost linear up to 8 h with 
approx. 160 /tg total release. Slight deviation at 
later times is probably due to depletion effects 
from the total loading of 2000 /tg per cell. Linear- 
ity of transport demonstrates that the membrane 
is rate limiting. 

Fig. 4a-d shows transport from subsaturated 
to saturated solutions. Fig. 4a shows the classical 
linear response between transport and concentra- 
tion for a single vehicle and thus fixed partition 
coefficient. Less well recognised, Fig. 4b shows 
the linear response between transport and parti- 
tion coefficient for a fixed concentration of 0.02% 
w/w. Fig. 4c redraws these data using degree of 
saturation as the common abscissa. 

Fig. 4d shows transport from saturated solu- 
tions from 0.005 to 0.08% w/w hydrocortisone 



998 

A 



acetate in which both concentration and partition 
coefficient vary but such that the product of these 
two parameters is a constant. Release is similar 
from all saturated solutions studied. 

Fig. 5 shows transport from 0.02% w/w hydro- 
cortisone acetate at times 1 to times 8 degrees of 



saturation. A clear linear response between 
transport and degree of saturation is seen. 

Fig. 6 shows transport from solutions of differ- 
ent concentrations and degrees of saturation in 
the supersaturated range as formed from mixed 
type A and B cosolvent systems in varying ratios, 
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Fig. 4 (a). Transport of hydrocortisone acetate from 0.005 to 0.02% w/w in a single vehicle (propylene grycoi/water, 56:44% 
w/w). Demonstration of response to dose. Mean, n ~ 3, ±S.E. (b) Transport of hydrocortisone acetate, 0.02% w/w from different 
propylene glycol/ water vehicles. Demonstration of response to partition coefficient expressed as reciprocal saturated solubility. 
Mean, /i»3, ±S.E. (c) Comparison of response of concentration and vehicle partition coefficient, expressed as degree of 
saturation, to transport of hydrocortisone acetate (data as in Panels a and b). (d) Transport of hydrocortisone acetate from 0.005 to 
0.08% w/w saturated solution. Increase in concentration is offset by decrease in partition coefficient. Mean, n = 3, ±S.E. 




degree of supersaturatlon 

Fig. 5. Transport of hydrocortisone acetate, 0,02% w/w from 
supersaturated vehicles. Demonstration of response to degree 
of supersaturation. Mean, n « 6 ± S.E. 



as shown schematically in Fig. 1. Transport again 
is proportional to degree of saturation. An inter- 
esting property of this system is the maximum 
value of release corresponding to a ratio of A : B 
= 3 : 1 at approx. 0.02% w/w times 8.3 degrees of 
saturation. 



200 
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concentration ( %w/w ) 

Fig. 6. Transport of hydrocortisone acetate from supersatu- 
rated solutions produced by mixing various ratios of B:A (as 
in Fig. 1). A plateau of transport is seen at around 0.02%' ' 
w/w times 8 degrees of saturation. See Table 1 for details of 

compositions. 
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Fig. 7. Linear relationship between transport of hydrocorti- 
sone acetate and degree of saturation over the range of 
subsaturated to supersaturated systems. Combiued data from 
Figs. 4-6. Mean (n = 3 or 6) ±S.E. 



Finally, Fig. 7 shows the linear relationship 
between transport and degree of saturation over 
the range from subsaturated to supersaturated 
for all data shown in Figs 4-6. 



Discussion 

The in vitro transport of hydrocortisone ac- 
etate from solutions of varying concentration and 
partition coefficient as expressed by reciprocal 
saturated solubility has been shown to be propor- 
tional to degree of saturation. Transport is linear 
from subsaturated through to saturated solutions, 
as would be anticipated from the literature, 
(Poulsen et a!., 1968; Fiynn and Smith, 1972) but 
this work confirms the observations of Theeuwes 
et al. (1976), that supersaturated systems result in 
linear transport proportional to their degree of 
saturation arid beyond the limiting transport value 
from saturated systems. 

The driving force for diffusion across the stra- 
tum corneum is the concentration of diffusant 
within the outermost layer of the skin. This con- 
centration is a mathematical product of the con- 
centration within the vehicle times the partition 
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coefficient between the vehicle and the stratum 
corneum (Higuchi, I960; Poulsen, 1972). 

The effects of concentration on response are 
clearly established, for example, dose responses 
are the basis of pharmacological and toxicological 
investigations. The response, of transport, shown 
in Fig. 4a is a further example of this. Less well 
established is the linear response to vehicle parti- 
tion coefficient as depicted in Pig. 4b. Fig. 4c 
shows that both parameters can be expressed as 
degree of saturation which, as a single variable, is 
proportional to transport. Fig. 4d shows that 
transport from all saturated systems is within 
experimental limits, as found previously (Hadgraft 
et al., 1973; Theeuwes el al., 1976; Woodford and 
Barry, 1982; Dugard and Scott, 1986). 

Thus, Fig. 4 shows the response of the in vitro 
model to both concentration and partition coeffi- 
cient. Synthetic membrane systems such as used 
here are often criticised as not being representa- 
tive of human skin. Mainly this is due to vehicle/ 
membrane interactions which are specific to the 
skin or membrane being studied and arc not 
easily simulated one by the other. Fig. 4d demon- 
strates that as release from all saturated systems 
is similar, vehicle/ membrane interactions in the 
present study are likely to be insignificant. Thus, 
models similar to that used here may be useful in 
predicting the drug/vehicle interaction compo- 
nent only of transport across human skin. 

Fig. 5 shows that transport from supersatu- 
rated systems is linearly proportional to degree of 
supersaturation at a fixed concentration and Fig. 
7 demonstrates that all data reported here from 
0.25 times subsaturated to 8 times supersaturated 
fit a single linear relationship between transport 
and degree of saturation. ^ 

The ability of supersaturated systems to in- 
crease transport beyond the limiting value im- 
posed by saturated systems is clearly of interest in 
topical drug delivery. Fig. 6 shows data to evalu- 
ate the potential of mixed cosolvent systems in 
topical drug delivery. By suitable selection of the 
ratio and design of the cosolvent system, large 
increases in degree of saturation can be achieved. 
Fig. 6 shows that by suitable selection of ratios of 
B : A, a plateau response can be achieved whereby 
slight variation in change of ratio as might occur 



for various reasons in practical pharmaceutical 
products will not significantly alter degree of sat- 
uration or transport. 

Further work is currently in progress to evalu- 
ate the drug delivery potential of these systems. 
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Abstract CI 6y . first determining.^ and 
activity coefficients of methanol^ ..i-butahor arid .irocfeuiiol In binary 
dimethyl sulfoxide liwater media; it has been possible to 'separate solubl- 
lizing (therrnwJynamic) effects; of dimetHyt sulfoxjde/ from its: Kinetic 
(diffusive), influence as mey relate to the sWn permeattbn 6f these.srnall, 
noheiectrblyte alkahdls;11lis ; was done by iwrmalizing tt^ expeninenta! 
^rjrieabilfty coefficients found with fuilfthfckhess hairless mouse skin 
membranes tounit activity in the vehideVWhen the dimethyl sulfoxide 
media Were placed oh both sides; of the skin sections; in a two 
oHTipartmentaifhw 

the permeahts. Were invariarit tp dimethyl 1 sulfoxide concentrations of 
50%' strength. Thus, up to this cbhc^htratjoh and in theVafeence of net 
solvent crosscurrents, the penneabllitfes of methanol, 1 ^butanol, and 
1 -octanol appear to be sttjctlydetermined by partitioning intb the stratum; 
corrieum. HoweVer>. when the dimethyi suifoxide percentage strength 
was raised to a75%, actMty-adjusted permeability irK^easedsystematj- 
caily and profoundly, indicating severe barrier impairment with in- 
creased diffusion across the horny layer (kinetic effect)/ When neat 
dimethyl sulfoxide was placed oh both sidds of.the sWri, the experimen- 
tal permeability .coefficients of me .three alcohols were maximal and 
equkKin ^maghltude, suggesting total furictibnal Impairment r'of; the 
stratum comeunv VVheh the dimethyl sulfoxide media were placed in 
contact With the stratum corrieum surface of the sWn membranes bhlyi 
accelerating effects Were noted at dimethyl sulfoxide concentrations 
<50%, further supporting the idea that solvent cross flows themselves 
disrupt the homy structure. The. degree of impairment was quantified 
under all experimental drcumstahces. Analysis of : extracts or the 
stratum comeum lndicated mat banier. impairment is due in part .to 
elution of dimethyl sulfoxide soluble components from the homy struc- 
ture. Deiamination of the horny layer and denaturation of its proteins; 
also appeared to play roles in enhancement of diffusion. ' 



Methanol, 1-butanoiand 1-octanol possess widely different 
lipophilic properties. In studies of the effect of polarity 
(hydrophobicity) on a specific phenomenon or process, they 
make a useful set of prototype compounds because of their 
predictable and systematically varying physicochemical 
properties: They have been usefiil in studying mass transfer 
mechanisms through skin arid, have helped define the reli- 
ance of skin permeation on lipophilic character. Extensive 
studies from these labs 1 "* suggest that methanol, 1-butanpl, 
and 1-c^tanol pass through hairless mouse skin by different 
pathways and with different rate-cohtrolUng mechanisms. 
These tln-ee alcohols Were therefore chosen for the present 
study involving assessment of dimethyl sulfoxide mediation 
of permeation because their penheabilities through: this skin 
from strictly aqueous solution are known and because they 
provided a unique opportunity to study solvent influences as 
a function of permeant lipophilicity. 

theoretical SecWbn 

for the simplest possible membrane situation in which a 
resistant, isotropic membrane separates well-stirred exter- 
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hal phases, the permeability coefficient, P, is expressed by: 



Pf 



(1) 



where D, K^, and h are; the diffusivity (d^siqncoeflBcient), 
partition coefficient between the membrane <m) and medium 
(v, vehicle), and membrane thickness, respectively^ V 

Normally in studies involving the use of diirusion cells,.the 
membrane thickness is fixed and is -Httie affected by medium 
changes.; Even when. this.. is not: •sp^aB, : tor':exiMnipIe, when 
solvents such as water .and dimethyl sulfoxide act: on the 
stratum comeum, rarely is the thickness: of a mgmbrane 
expanded by more than a factor of two or three. It appears, 
then, that varying the solvent composition of the external 
(vehicle) phases primarily influences the permeability coeffi- 
cient by altering diffusivity, the kinetic aspect of mass 
transfer, and by altering partitioning^ the thermodynamic 
determinant, and only marginally by changing the thick- 
ness; The ^fmeabi^ 

the proportional changes in each varies; In order tp : deter- 
mine kinetic and thermodynamic influences oh ma$s transfer 
associated with systematic changes in the composition of 
phases applied to the ihembrane, ah independent determina- 
tion of the changes taking: place in either the diifusibtt: The 
unexplained change in permeability which remains can then 
be assigned to the alternative factor. : . ; / 

In principle, one should be able to separate vehicle driven 
thermodynamic influences from other mass transfer influ- 
ences, mciuding vehicle mediated changes in the membrane 
solvency, by independent assessment: It is reasonable to 
assume that equilibrium exists across the molecular inter- 
face between the membrane and the medium, so that: 



/*2> medium "" * /*2, membrane 

i /i§ + RT In a 2 • 
- /x§ + RT ln o2. 



(2) 



m 



where /x§ is the chemical potential of the standard state, a is 
the activity, and the subscripts m and v refer to the mem- 
brane and the vehicle, respectively. It thus follows that the 
thermodynamic activity of the permeant is, for all practical 
purposes, the same on either side of the interface; that is: 



fl2,v - <*2.m 



(3) 



The activity on either side of the membrane interface with 
the medium can be expressed in a general form as: 



a 2 — y^C 2 



(4) 



where % is an "activity coefficient," a factor which normal- 
izes a prevailing concentration, C, to the respective activity. 
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It follows that: 



/fe.v^^v ~ T^xnC^m 

At the medium-membrane interface: 

IT — ^2,m 



(5) 




(6) 



Combining eqs. 1 and 6 gives the following form of the mass 
transfer coefficient: 



* Vim 



(7) 



Once the flux of a permeant has attained a steady or quasi- 
steady state, the mass current can be expressed generally as: 



UA. 



AP(AC) 



(8) 



where {dm/d/) M is the steady or quasi-steady state flux taken 
directly from the slope of the mass penetrated (m) versus 
time it) profile, A is the area of permeation (cm 2 ), and AC is 
the difference in concentration across the membrane- as 
measured in the phases external to the membrane. When 
diffusion is into a sink (zero concentration at all times on the 
downstream side of the membrane), AC is the applied concen- 
tration. It follows from eqs. 7 and 8 that: 



( 



ML h 



AC 



(9) 



m 



Equation 97 indicates that the toal flux through an isotropic, 
resistant barrier is proportional to the activiy coefficient in 
the external medium and inversely proportional to the activi- 
ty coefficient in the membrane,. iii addition to its other well 
established dependencies. 

When the medium external to a membrane is. varied by 
systematically varying the proportions of two miscible sol- 
vents, three variables in eq. 9 are subject to change, i.e., 
y2 t mi and especially y^ y . For present purposes, h is presumed 
constant. There is no way to predict in advance how D and 
y 2t m will be affected, but a systematic change in the magni- 
tude of ^ jV , which relates to the different solvencies of the 
two solvents for a given solute, is anticipated. Therefore, the 
sensitivity of y» v is subject to independent assessment 
Changes in D and yfc,m, on the other hand, are only expected 
if at some point the binary solvents alter the physicochemical 
properties of the membrane. Changes in D and appear as 
a composite change and are not readily separable. Of consid- 
erable importance is the case where D and yz iJn remain 
unchanged as the vehicle composition is varied'. For this 
situation, the product of P times l/yfc, v is predicted to be 
constant, i.e.: 



D 1 



72,v A 72,m 



(10) 



Thus, if y2 tV is independently known, one has a stringent test 
to determine whether membrane properties are changing 
with the change in the composition of the applied phase. For 
solutes like the volatile alkanols, % >v can be independently 
assessed from vapor pressure measurements. The concept of 
activity coefficient determined flux is developed above for the 
simple isotropic membranes; the underlying principles are 
general, however, and can be applied to complex membranes 
such as the skin. 



. Experiments 

Materials-4 i4 CJMethanol (30 mCi/mmdl), P*eil-butanol (10 
mCi/mmol), [^ll^tehol (5 mCjL/mmol) (ICN Chemical and Radio- 
isotope Division, Irvine, C A) were used as supplied, These were 
diluted into neat, high purity methanol (Baker Chemical Co,; Phil-! 
lipsberg, NJ), 1-butanol (Matheson, Coleman and Bell Manufac- 
turing Chemists, Norwood, OH), and l:^oetano) (Fisher Scientific Co.y 
Fairlawn, NJ), respectively, for the vapor pressure measurements. 
Dimethyl sulfoxide (Fisher Scientific Co., Fairlawn, NJ) was used as 
received,! and the water used in the studies was double distilled. 

Permeation Procedure— Membranes for the study were abdomi- 
nal sections obtained from the hairless mouse (Skin Cancer Hospital, 
Temple University, Philadelphia, PA) SKH-hr(-rl) strain. In all 
• instances the skin was taken from freshly sacrificed animals (spinal 
cord dislocation) and . immediately mounted in the . diffusi on cell 
housing. The fuB-thickness akin was used; 

The general assembly and operation of the diffusion cells have 
been detailed previously.^-** 8 Briefly, small glass diffusion cells with 
~0.6 cm 2 of diffusiona! area and with half cell volumes of —1.6 mL 
were Used. These parameters were determined accurately for each 
cell. The cells were assembled with a fresh section, of skin between 
the chambers. After rinsing, a permeant containing solution was 
placed on the stratum corneum side of the skin section,' and a 
collecting medium was placed on the dermal side; Then, the media 
were stirred (150 rpm). Tests were begun as soon as the cell assembly 
was complete. 

Initial and final samples were taken from the donor (permeant- 
containing) compartment. Aliquots of 100 pL were taken from the 
receiver chamber at iOOO-s intervals for up to lOLOOO s (usually 7,000 
s), providing 8-11 data points including one for time zero. Fresh 
solvent was added to the compartment following sampling to main- 
tain constant volume in the receiver chamber. Corrections were 
made for the dilutions involved. The 100-/*L aliquots- were. placed 
directly into 10 mL of scintillation cocktail (Aquasol, New England 
Nuclear, Boston, MA); Experiments at each set of conditions were 
done three or more times and the results were averaged. 

An aspect of experimental design unique to these studies was that 
the permeation was followed in media ranging from dimethyl sulfox- 
ide: water (0, 30,60, 70, 90, and 100% imethylsulfoxide wijm^rijai 
saline) to normal saline in one set of experiments and to dimethyl 
sulfoxide of the same strength in a second set. In the following 
discussion the first of these solvent configurations is referred to as 
asymmetric and the second as balanced. In the asymmetric modality 
the alkanols permeated in the presence of a net flux of dimethyl 
sulfoxide in the same direction as that of the permeant and against a 
net flux of water. In the balanced configuration there is no net 
diffusive exchange of solvent between the. compartments. The di- . 
methyl sulfoxide and water fluxes involved in the asymmetric 
situation were measured and are being reported separately,*; 

Analysis of Permeation Data— As in previous work 1 "" 4 * 8 counts of 
the radiolabeled alkanols reaching the receiver chamber (corrected 
for dilution) were plotted against time. When the permeation process 
attained a quasi-steady state, as determined graphically, the perme- 
ability coefficient for the test was calculated from: 



P = 



Vt dt 
AAC 



(11) 



where P is the permeability, coefficient (cm/h),' V r is the receiver 
volume (1.4 mL), dC/di is the quasi-steady state rate of change in 
radiochemical, concentration in the receiver chamber (counts per 
100-/iL sample per 10-min counting time), AC is the initial radio- 
chemical concentration in the donor chamber (counts per 100-/iL 
sample per 10-min counting time), and A is the diffuaional area 
(cm*). The experiments were carried out in a manner which allowed 
use of the donor concentration for the concentration differential, AC. 
The lag time tended to be too short to be estimated with any accuracy 
using 1000-8 sampling intervals: 

Vapor Pressure Measurement— A measured flow of nitrogen gas 
was passed through the system depicted in Fig. 1. The nitrogen gas 
stream was warmed to 37°C in a coil and then bubbled through a 
37°C solution of the alkanol dissolved in one of the binary dimethyl 
sulfoxiderwater media (0, 30, 50, 70, 90; or 100% dimethyl sulfoxide). 
The. bubble size (frit size), gas flow rate, and solvent column height 
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3- N2 Gas . 



figure 1— Measurement of vapor pressure in the 
od. 



gas-saturation meth- 



^Vitiired for solution-vapor equilibrium were, determined by trial 
S^C^tt" we^ Elected which afforded gas saturation 
^Si Te vapors of the alkanol and ita solvent) durin^the passage 
of the ^as through the liquid phase. The vapor saturated . gas steeam 
^XsoSfwas passed into a liquid nitrogen chiUed trap 
(tJ-tube) where the solvent vapors were quantitative^ "moved by 
condensation. The contents of the cold trap were rinsed directly into 
scintillation cocktail for counting. 

Analysis of Vapor Pressure Data^The partial vapor pressures of 
the\lkanols in solution in the dimethyl sulfoxide:water me«ha were 
cStermiried from their equilibrium vapor phase concentrations m the 
gaS%se passed through the ^ media. If V the volume of^ 
bubbled through a solution of one of the alkanols, is found to con tain 
* ™ns of the vaporized alkanol solute (with a molecular weight, 
M ^partial vapor pressure of the alkanol, P^ can be calculated 
approximately using the following equation based on the ideal gas 
law: 



M r V n 



(12) 



Assuming ideal gas behavior is appropriate at the concentrations of 
so^v^pors obtained. The approximate nature of this method of 
vaDor pressure estimation is due to the fact that the volume, V n , 
occupied by the vapor is taken as the volume of the dry nitrogen gas 
measured before it is saturated with solution component vapo^ ^ 
For more accurate estimations of partial pressura^the equabon 
can be modified to allow for the increased- volume of the 'gas due to 
the introduction of solvent vapor. The volume, V* of 
and the vapor through which the vapor molecules are distributed is. 
VJVCPb ^PuJ. where V b is the volume of the pure, dry nitrogen 
gas before saturation, P b is the barometric pressure, and P u „ is the 
total vapor pressure of the alkanol. It follows that 



(13) 



which, upon solving for P ismMt yields: 



gRTPh 



(14) 



The vapor pressure of each alkanol in each medium was calculated 
from eq. 14. The dimethyl sutfoxideiwater media was assumed to 
form an ideal solution, allowing estimation of the partial pressures of 
each via mole fraction compositions. The i^^.P^f^^^* 
methyl sulfoxide, water, and alkanol were added to sjstoa 
vapor pressure. As a critical test of the" gas saturation ceU, the 37^0 
vapor pressures of the pure liquid alkanols were determined and 
compared with their established vapor pressures. 9 

It was found that l^ctanol was not fully imscible m t water nor 
with dimethyl sulfoxide: water mixtures containing 30 and 50% 
dimethyl sulfoxide at the 1% total concentration used. This created 
no difficulty as the actual concentrations of X-octenpl in the water- 
rich phases were experimentally determined and used to calculate 
activity coefficients. The measured solubilities were^O.479 mg/mL in 
water, 114 mg/mL in 30% dimethyl sulfoxide, and 2.98 mg/mL in 
50% dimethyl sulfoxide. 

The vapor pressures of methanol and 1-butanol were measured 
five times at each condition. The low vapor pressure of 1-octanol 
proved difficult to measure, and a longer period of gas collection was 



used; Experiments on neat l^ctanol were only, run in 
The.activity of an alkanol in a given medium was calculated from. 

• _£iasi (15) 
. °24 - pp 

* i.gae 

where P?~ was the experimentally determined; vapor prwrore of 
^ure aTcOhbl. Activity coefficients were in turn calculated from 
the activities by: " 



1hj - x 



(16) 



2,i 



where X,, is the computed mole fraction alkanol concentration at* 
Solvent composition. Mole fraction was chosen as the umt of 
SnSntration because of its fundamental place * solubility theory 
STaferent molecular weights of water and . dimethy 
ca^edthe mole fraction composition to be curvilinear with increaa- 
iho dimethyl sulfoxide concentrations, • : ■ • t . .. Q „i„ M . 
inaction of Lipids and Other D«Mthyl^ox.de Muble 
Materials from the Str.tt.rn Corneum-^sfra^ eon^um^as 
isolated by iinmersing sections of excised skin in 0.25* »»nnP- 
mdrieh diemical Co* Milwaukee, WI) in £U»0ibr22 
KL off the horny layer with a spatula. Samples were rinsed, 
Soil pfeS of aZihL, foU, and dried fori d in 
unto reduced pressure. These were stored over calcium chloride m a 

^^stretum corneum sample I00 ; m«)ja8 .g^.'-Bg 
dish and weighed accurately. Two mdhhteW of ^e^^*. 
Me-water media at one of the aforementioned percentage romposi- 
tats wasXwfy added to the petri dish. The f^^^T" 
tent in a water bath at 37°C for 2 h, about the .length: of the 
^tibn'ex^iments. The tissue was Oien ^1*4^4. 
Sdish withine suction of a pipette andsgam dried 
7d in a desiccator under reduced pressure. The sample^was again 
weighed and the percentage change in Weight was recorded. 

- Results - . 

Permeability coefficients for methanol, 1-butanol, and 1- 
octanol as a function of dimethyl sulfoxide concentration and 
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Figure Z-Permeability coefficients of methanol through fresh haMess 
mouse skin in dimethyl sutfoxide-water mixture. Key: (my 
Sg (dohorysaline (receiver); {A) dimethyl sulfoxide (dooor)/dh 
methyl sulfoxide (receiver). 
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mouse skin in. dimethyl sulfoxide^water mixture. Key: (*) dimethyl 
svifdxfde (donorysaline (receiver); (A) dimethyl sulfoxide (dondrydh 
methyl sulfoxide (receiver). 

cell configuration, asymmetric or balanced, are given in Figs. 
2, 3, and 4. A high level of reproducibility of results at a given 
condition is^seen. . . y : \, . . 

: . .The partial' Vapor pressures of these alkanols above the 
diethyl sulfoxicle:water mixtures are given in Table 1, 
along with computed activities and activity coefficients. The 
activity : coefficient profiles are important and therefore are 
pictirially ill^^ 5, % *nd*3 for metiianoi, 1- 

butanol, and 1-octanol, resj^tively. . The ei^rmientally 
determined vapor pressures of the neat liquid alkanols: are 
given in Table II, where they are compared with established 
literature values; 9 
Figure 8 shows the loss in stratum corneum weight, due to 



1010 




do ioo 



ConcentraUon of Dimethyl Sulfoxide (%) 



mouse fsfdh in dimethyl suffoxide-water mixture. Key {*\ dimethyl 
sulfoxide (dohor)/saline (receiver); (A) dimethyl sulfoxide (donorydh 
methyl sulfoxide (receiver), . 

extraction of soluble materials, as a function of dimethyl 
sulfoxide concentration. 



Discussion 

i alkanols displayed in 
Figs. 2, 3; and 4 clearly are affected by dimethyl sulfoxide 
and the maimer in which it is administered to the skin. In the 
profiles for all three alkanols there are notable differences in 



Table Partial Vapor Pressures, Activities, and Activity Coefficients b) Methanol, 1-Butanol, and 1-Octanol in Binary Dimethyl 
Sulfoxide:Water Media When Incorporated at 1% Concentration In the Pure and Mixed Solvents 



Compound 


Coric. of 
Dimethyl.. :■ 
Sulfoxide 


Partial Vapor 
' Pressure, mmHg* 


Activity (P^P?) 


Activity Coefficient 


Methanol 
1-Butanol 

1-Ocianof 


0% 


2:10 (± o.17*x Ho -1 

"1.71 (±0.04) 
7.74 (±2.01) x 10~ 26 


1.00 (± 0.08) x 10~ 3 
1.13 (± 0.03) x 10" 1 
7.76 (± 2.00) x 10- 1 


2<26 (± 0.19) x 10" 1 
5;74(± 0.14) x 10 
2.56 (± 0.67) x 10 3 


Methanol 
1-Butanol 
1-Octanql 


30% 


£61 (± 0.21) x 10~ 1 

1.51 (±0.17) 
6.00 (± 1.06) x 10" 2 ^ 


1.25 (± 6.10) x 10~ 3 
1.00 (± 1.14) x 10 _1 
5.94 (±1.04) x io" 1 


. 2.19 (± 0.17) x 10" 1 
3.94 (± 0.45) x 10 
1.16 (±0.20) X 10 3 


Methanol 
1-Butanol 
1-Octanol 


50% 


3-35 (± 0.51) x 10~ 1 

1.10 (± 6.03) 
4.85 (± 0.22) x Kr 2to 


1.60 (± 0.24) x 10" 3 
7.31 (±0.20) x 10" 2 i 
4.80 (± 0.22) x 10T 1 \ 


2.27 (± 0.36) x lb" 1 
2.34 (± 6.06) x 10 
7.30 (± 0.33) x 1Q 2 


Methanol 
1-Butanol 
1-Octanol 


75% 


3.62 (± 0.26) x 10~> 
5.40 (±0.88) x 10" 1 
2.69 (± 0,53) x 10~ 2 


1.73 (± 0.12) x 10" 3 
3J58 (± 6.58) x 10 r2 . 
2,66 (± 0.53) x 1.0- 1 


1.73 (± 6.12) x.10- 1 

8.04 (± 1.31) 
1.03(± 0.53) > 10 2 


Methanol 
1-Butanol 
1-Octanol 


90% 


4;62(± 0:43) x 10 _1 
t.20 (± 0.21) x 10"? 
8.10 (± 1.81) x 10" 3 


2.20 ( ± 0.20) x 10" 3 
7.94(± 1.45) x 10~ 3 
8.02 (± 1.82) x .10" 2 


166 (± 6.15) x 10" 1 

1.33 (± 0.24) 
2.32 (± 0.53) x 10 1 


Methanol . 
1-Butanol : 
i-Octanol 


100% 


1.13 (± 0.31) 
2.81 (± 0.23) x 10" 2 
1.60 (± 0.37) x 10~< 


5.38 (± 1.50) X 10" 3 
1.86 (± 0.15) x 10~ 3 
1.59 (± 0.37) x ib~ 3 


3.13 (± 0.88) x1CT 1 
2.42 (± 0.19) x lO^ 1 
3.56 (± 6.83) xlO"" 1 



'The values represent averages of five results for methanol and 1-butanol and averages of three results for 1-octanol. Standard deviations are 
given in brackets. 6 These data were obtained in saturated (two phase) solutions. See text for experimental concentrations in the aqueous phase. 
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Figure 5— Activity coefficients of methanol In dimethyl sulioxide-water 
mixture at 37°C. 
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Figure ^Activity coefficients of 1-butanol in dimethyl svlfoxide-water 
mixture at37°C. 



the patterns of behavior for the asymmetric and balanced 
solvent configurations. For methanol, the skin is more per- 
meable in the asymmetric mode at 70 and 9Q% dimethyl 
sulfoxide concentrations but, if anything, there is a crossover 
in the curves at or before 100% dimethyl sulfoxide. With 1- 
butanol, the trends are clearly separated at 50% dimethyl 
sulfoxide and the crossover comes between 75 and 90% 
diinethyl sulfoxide. Both asymmetric and balanced config- 
uration patterns for Iroctanol are extraordinary and break 
abruptly between 50 and 75% dimethyl sulfoxide. It is 
obvious that the permeation of 1-octanol is favored in the 
balanced configuration above 50% dimethyl sulfoxide. With 
the exception of 1-butanbl, the permeability: profiles for the 
alkanbls in the two: solvent configurations are identical for 
up to 50% dimethyl sulfoxide. Based on simple t tests of 
averages at individual dimethyl sulfoxide cohcentrationa, 
the differences in values for : 1- butanol apparent; at = 50 and 
75% are not statistically significant at an acceptable level of 
confidence. Overall, the solvent configuration does not ap- 
pear to make much difference with 0^50% dimethyl sulfoxide 
^ncentrations. At the higher dimethyl sulfoxide concentra- 
tions however, profound differences in behavior between the 
two solvent configurations are noted. 




Concentration of Dimethyl Sulfoxide (%) '■ ■ 

Figure 7— Activity coefficients of 1-cctanpl In dimethyl sulfoxlder-water 
mixture at 37°C. 



Table II— Vapor Pressures of Pure Alkanols at 37°C 



Compound 



Vapor Pressure, mmHg - 



Exp. values 



Lit values* 



Methanol 
1 -Butanol 
1-6ctanol 



209 (±8.66) 
15.T (± 0.83) 
. 0.101 (± 0.016) 



211 
15 
0.37 c 



i 



* These values are the average of three results. The standard 
deviation is In brackets. *these data are taken from ref. 9. c This value 
involves extrapolation of data obtained from > 100 to 37°C. Apparently, 
no 37*C estimate exists )n the literature; Under these circumstances, the 
agreement is considered satisfactory. 

, * » 

In an attempt to factor out the causes of the overall 
permeability behavior, thermodynamic activities and mole 
fraction based activity coefficients of the respective alkanbls 
were determined as a function of solvent composition. It can 
be Been from the data in Table I that the activities of each of 
the alkanols were affected differently as dimethyl sulfoxide 
was titrated into the solvent medium. For methanol, the 
activity was systematically increased and, in pure dimethyl 
sulfoxide, was 6.4 times greater than in water. This simply 
means water is the better solvent for methanol. In contrast, 
activities of both If butanol and 1-octanol decreased as the 
dimethyl sulfoxide percentage was raised. Over the solvent 
range the thermodynamic activity of I-butanol dropped over 
60-fold, while that of l>octanol dropped almost 500-fold. 
Thus, as hydrophobicity is increased, solvation of the higher 
alkanols in dimethyl sulfoxide is markedly favored. 
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Figure 8— Solvent extraction from stratum corneum in the presence of 
dimethyl sulfoxide. ; 

Patterns in mole fraction based activity coefficients are 
displayed in Figs. 5, 6, and 7 for methanol, 1-butanol, and 1- 
octanol, respectively. The choice of mole fraction as the unit 
of solute concentration results in a surprisingly flat Curve for 
methanol. The trend for 1-butanol from pure water to pure 
dimethyl sulfoxide is continuously downward. The sensiftv- 
ity of 1-butanbl to increasing dimethyl sulfoxide composition 
lies between that of methanol and 1-octanol. The activity 
coefficient of 1-octanol dropped precipitously. Its activity 
coefficient of 0.34 in pure dimethyl sulfoxide was 7500 times 
less than that found in pure water (2.56 x 10 3 ). In part, the 
choice of mole fraction concentration to compute activity 
coefficients magnifies the difference in the activity coeffi- 
cients seen across the solvent composition span due i to the 
difference in molecular weights and liquid densities of water 
and dimethyl sulfoxide. The choice of mole fraction itself 
leads to a fourfold change in the activity coefficient in pure 
water compared with that in pure dimethyl sulfoxide. Anoth- 
er factor in the case of 1-octanol is that the octanol added was 
not completely solubilized in the 0, 30* and 50% dimethyl 
sulfoxide. Therefore, the measured concentrations of lrocta- 
nol in the aqueous phases of these mixtures (0.479, 1.14, and 
2.98 mg/mL, respectively) were used in the calculations. 
Because the 1-octanol was not completely solubilized in this 
range, the thermodynamic activity itself varied only slightly, 
as expected. \: 

According to eq. 10, when changes in the thermodynamic 
activity of a permeant in the vehicle alone decide the relative 
rate of the permeation process, permeability coefficients can 
be normalised to a constant value by dividing the experimen- 
tal values by the respective activity coefficients in the sol- 
vents of application: When applied to the data for methanol, 
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Figure 9— The ratio of permeability coefficient and activity coefficieni of 
methanol in the presence of dimethyl sulfoxide. 

1-butanol, and 1-octanol permeating the skin, this normaliz- 
ing procedure produces the interesting results seen in Figs. 9, 
10, and 11. These figures are produced from data for the 
alkanols administered in the balanced solvent confijguration. 
For all three alkanols, the permeability is invariant within 
the boundaries of expected experimental variability up to 
and including the 50% strength of dimethyl sulfoxide. Con- 
sidering that this is true for three permearits of wide ranging 
polarity, these results prove unequivocally that partitioning 
changes due to altered solvency in the vehicle phase are the 
overwhelmingly important factor in the data trends. It might 
be noted that D and y 2 . m , which relate here to the stratum 
corneum, are both expected to vary in the same upward 
direction and, therefore, should not offset each other. At 
dimethyl sulfoxide concentrations up to 50%, formalized 
permeability coefficients obtained in the asymmetric solvent 
configuration exhibit essentially identical features. 

Concentrations of dimethyl sulfoxide above 50% show an 
absolute departure in the permeability patterns for the two 
methods used to configure the donor and receiver media. As 
seen in the activity coefficient normalized data, there is also 
a departure from the simple partitionrng-determined trend, 
In either configuration, the P/^v values for each of the 
alkanols takes a dramatic upward turn. This indicates gener- 
al and profound changes in membrane permeability, which 
in this study means substantial impairment of the stratum 
corneum. Imbibition of dimethyl sulfoxide and altered sol- 
vency in the critical horny phase of the skin: membrane 
(change in yi^) is one possible general cause. Increasing 
diffusivity due to solvent alteration of the molecular struc-. 
ture or organization of the stratum corneum (i.e., a change in 
D) is the second possibility. Both might be associated with, 
the opening of new pathways through the horny layer and a 
change in the permeation mechanism. The increases at high 
dimethyl sulfoxide concentrations are so large that a change 
in mechanism is highly probable. In this regard, the nearly 
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Figure 10— 77>e ratfo oY permeability coefficient and activity coefficient 
of l-butanot in the presence of dimethyl sulfoxide. 
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Figure 1 1— ^ The ratio of permeability coefficient and activity coefficient of 
1-octanol In the presence of dimethyl sulfoxide. 

identical permeability coefficients (absolute values) for meth- 
anol, 1-butanol, and lroctanol in neat dimethyl sulfoxide in 
the balanced solvent configuration is an indicating factor. 
Such behavior would only be seen under circumstances 



where diffusion is structurally ^ insensitive, as would occur 
through a continuous solvent medium. This suggests that a 
dimethyl suboxide rich pathway is established through the 
stratum corneum; and plJier skin structures. The average of 
all permeability coefficients; of these alkanols is ^3 x 10~ . 
cm/s (0Vllcm7h). Assuming a. partition weffiri^ 
the presumed dimethyl sulfoxide regime in the skin striic- 
tuje'^aj^^taldiig' into account the 400-fim thickness of the 
full-skin sections, a diffusion coefficient estimate of 12.x 
1Q7 6 crirVs is produced. This is in good a^eement.with a : 
previous estimate of the dnlusivity of vidarabihe in the 
water-filled dermal matrix of 1.3 x 10" 6 cm 2 /s. 10 The slightly 
lower magnitude for the smaller alkanols is reasonable in 
this instance because the viscosity and density of dimethyl 
sulfoxide are larger than .those found fbrjyater. : 

Several mechanisms have been advanced for the enhance^ 
ment of dimethyl sulfoxide on skin i»rmeability, induding 
eiution of stratum- cnrneum lipids, 11 ? 13 denaturation of stra- 
tum corneum structural proteins (keratin), 1 ^-" and delami- 
nation of the horny la^er by stress resulting from crosscur- 
rents of highly water interactive dimethyl sulfoxide, and 
water> 6 We believe tne data patterns in these studies sup- 
port all three mechanisms; the effect which dominates in a 
particular situation seems to be a^result of the concentration 
of dimethyl sulfoxide and its method and duration of applica- 
tion to the skin. First, Fig. 8 shows that neither water nor 
binary dimethyl sulfoxide:water mixtures with up to 50% 
dimethyl sulfoxide have much ability to elute material from 
the stratum corneum. This ability increases dramatically as 
the dimethyl sulfoxide concentration is further increased, 
resulting in an 18% weight loss in the stratum corneum mass 
in neat dimethyl sulfoxide. These studies were done with a 
ratio of dimethyl sulfoxide to stratum corneum that was 
virtually the same as the ratio in the permeability experi- 
ments; the contact time was also similar. The striking 
parallel in tissue weight loss and in lost barrier integrity for 
three compounds as physicochemically different as methanol, 
i-butanol, and 1-octanol (as seen in Figs. 9, 10, and 11) can 
hardly be an accident. Second, the higher permeability of 
methanol (and possibly 1-butanol) from binary dimethyl 
sulfoxide: water solutions of high dimethyl sulfoxide concen- 
tration and into water (asymmetric solvent configuration) 
and similar, even more profound effects seen with yidara- 
bine 8 add to the already convincing evidence of Chandrase- 
karan et al. 16 which supports the idea that the horny struc- 
ture is physically disrupted by the cross flows of the two 
solvents in question. Finally, the permeation of these model 
permeants out of a pure phase of dimethyl sulfoxide arid into 
a pure duriethyl sulfoxide phase (balanced configuration) has 
an irregularity most notable in the profile for 1-octanol (Fig. 
4). Here, the permeability is high. As mentioned, the barrier 
property left is about that expected if the solvent (dimetiiyl 
sulfoxide) itself were the conducting, medium in the mem- 
brane. We suspect this exaggeratedly impaired state of the 
membrane is in part caused by denaturation of the keratin 
structure, a phenomenon which can be demonstrated in 
dimethyl sulfoxide soaked pieces of stratum corneum by 
several techniques, including X-ray dinraction. 1 *- 1 6 Taking 
all data into account it appears that maximum impairment of 
the stratum corneum may be approached in the 100% di- 
methyl sulfoxide balanced configuration and possibly even in 
the 100% dimethyl sulfoxide to saline system. Transport 
would then be solely controlled by the cellular epidermis and 
the dermis, much as it is when the skin is stripped. With 
100% dimethyl sulfoxide:saline, it is likely the epidermis/ 
dermis is relatively water rich. This would not greatly affect 
the P value for methanol because it is so evenly soluble in 
water and dimethyl sulfoxide, as reflected in its activity 
coefficients. Thus, the values for the balanced and asymmet- 
ric configurations are similar at 118 X 10~ 3 cm/h versus 91.8 
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:aJS:it ; -v^''-Mv8e$6 ib; the 113 X 10^ 3 cih/b value for the 
bfi^^ed ;wnfigiiratipn and the iO^ aalh value for the 
• 100% dtimethyl sulfoxide to. saline case. : Alternatively, the 
exaggerated degree of denature ti on seen when pure dimethyl 
suboxide was placed on both sides of the skin may not occur 
tothe due to a relati veljr rapid 

flow of wato out of the horny surface; a. factor which we 



in 



of its protein mass. 
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The effect of the depletion of iritercellular lipids from human 
stratum corneum and shed snake skin oh the permeability to 
salicylic acid (SA) was investigated in vitro. Shed snake skin 
was used as a model membrane for human stratum corneum. 
Lipid depletion with a mixture of chloroform and methanol 
increased the permeability of those skins to the ionized form 
but not to the unionized form of SA. Moreover, lipid deple- 



tion increased dramatically the permeability of shed snafe 
skin to compounds with low lippphilicity, although it; did 
not have a significant effect on the more lipophilic com> 
pounds. As a hypothesis to explain the marked Increase of 
skin permeability to compounds of low- lipophiliaty, includ- 
ing the ionized form of SAi we suggest increased water trans- 
port./ Invest Dermatol 99:278 -282, 1992 




he skih, ; particularly the stratum corneum, protects 
the vital organs from chemical and biologically harm-- 
ful influences and controls transcpidermal water loss; 
to regulate body temperature. Current investigations 
regarding the barrier function of the stratum corneum 
have ;! focused on rnterceliular lipids with respect to their composi- 
tion [1 - 6] and structure [7 - 10]. Intercellular lipids in human stra- 
tum corneum principally consist; of fatty acid, cholesterol, chples- 
teryl sulfate, and sphingolipids such as ceramides. These lipids form 
broad, multilamel lar sheets in intercellular spaces arid arc important 
in regulating the barrier function of the skin [1 1,12]. However, the 
role of intercellular lipids in percutaneous permeation of various 
compounds is not well characterized. 

Studies ori human percutaneous absorption have been conducted 
by employing various model membranes such as animal skin 
[13,14^ artificial membrane [15] and human cadaver skin. Theuse^ 
fulness of shed snake skin as a model membrane has also been re* 
ported; Iron et al [1 6] showed the similarities between human stra- 
tum, corneum and; shed snake skin in terms of thickness, lipid 
content, and skin permeability to various compounds such as 
phenql r methylparaben, corticosterone, and so on. In a recent study, 
we also compared the skin permeability to salicylic acid (SA) using 
human skin excised from various anatomic sites and shed snake skin 
ih vitro* In this analysis, the permeability of shed snake skin was 
shown; to be almost the same as that of the human back and mamma. 
Shed snake skin is pure, non-vital stratum corneum containing 

Manuscript received June 4, 1991; accepted for publication April 15, 
1992. 

Reprint requests to: Dr. Noboru Yata, Department of Biopharmaceutics, 
Institute of Pharmaceutical Sciences, Hiroshima University School of Medi- 
cine, \-2-5 Kasumi, Minami-ku, Hiroshima 734, Japan. 
Abbreviations: 
AAP: acetaminophen 
IDNCJB: dinitrOchlorobenzcne 
PABA: methyl-pram inobenzoate 
;PABA: praminooenzoic acid 
parabcu: p-hydroxybenzoate 
•SA: salicylic acid 
•SAA; salicylamidc 
^ Harada K, ; Murakami T;, Kawasaki E, Higashi Y, Yamamoto S, Yata N: 
Comparison of skin permcabil ity to salicylic acid among human, rodent and 
shed snake skin in vitro. J Pharm Pharmacol (submitted for publication). 



multilamellar lipid sheets -that exist in intermediate mesoslayw? 
between cornified cells [8,17]. the total lipid content in shed: snak<?i 
sfcih is similar to that of human stratum corneum [4,16], although 
the components are markedly different. The main polar lipids, 
human stratum corneum are ceramides [5] whereas those in shed 
snake skin are; phospholipids [18]. Eliaset al [19] reported that totti 



lipid content, rather than lipid composition, is more important tn 
barrier function. Thus, shed snake skin was thought to be a suitabjc 
model membrane for human stratum corneumfor a study ofthe>roIc 
of intercellular lipids in stratum corneum in drug permeation. 

In the present study, we first evaluated the^cftect of lipid depk' 
tion on the permeability to SA from different pH buffer sol utip 1 ^* 
using human skin and shed snake skin. The erTect of lipid deplcti° n 
on thepermeability through shed 1 snake skin was then.examiried; by 
using various compounds with differing lipophilicittes. 

MATERIALS AND METHODS 

Chemicals Salicylic acid (SA) and phenol were purchased fr°rn 
Wako Pure Chemicals (Osaka, Japan), DinitTOchlprpbenzenc 
(DNCB) and propyl p-aminobenzoate (propyl-PABA) were ob- 
tained from Tokyo Kasei (Tokyo, Japan). Acetaminophen (hAf)> 
p-aminobenzoic acid (PABA), salicylamide (SAA), methyl p-amin- 
obenzoate (methyl-PABA), ethyl p-aminobenzoate (ethyl-PABA)» 
butyl p-aminobenzoate (butyl-PABA), butyl p-hydrpxybenzoatc 
(bu tyi-paraben), and Clea-sol I as a scintillation cocktail wercir^ 
Nacalai Tcsqu Ltd. (Kyoto, Japan). Tritium-labeled water (1° u 
mCi/ml) was purchased fromlCN Biomedicals Ihc (CA, U.S.A.;- 
AH other chemicals and solvents were of reagent grade and us, c 
without further purification. 

Skin Sources and Preparation Shed snake skin of Python reticu- 
latus, a gift from Dainihon Pharmaceutical Co., Ltd., was stored a 
70% relative humidity at -room temperature. One scale of the ycn " 
tral skin (thickness, 50 fim) was used for each permeation study an 
overnight hydration in pH 7.4 Tris HC1 buffer solution prior t 
experiments. 

Human mamma skin was obtained at surgery from five worn?* 1 
between the ages of 38 and 72 years. Immediately after ex*** 10 *' 
subcutaneous tat was removed with surgical scissors and f° rC i? c 
The skin was keptat 4°C and used within 24 h after excision- T 
thickness of the mounted skin specimens was approximate X 
0.18 cm. 
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*%ureL Relationship between penetration rate and fraction of unionized 
^rmofSA(pKa = 3,0>thrbugh human skin [(open circle) and shed snake skin 
Wscdcirck). One milliliter ofSA buffer solution (500/ig/ml) was applied to 
d °n6r Cc ll ar 25°C. Bar, SEM of 3-11 trials. Line, the regression analysis 



. ««I Depletion The ventral scale of shed snake skin (13.22 ± 
0.70; mg) was placed in 10 ml of chloroform and methanol mixture 
'W* J y/v) overnight at ambient temperature for extraction of inter- 
^ilular [jjpids. Theskiri was then washed with methanol (10 ml) to 
f emove chloroform and dried in a vacuum at room temperature. To 
^tirnate the extracted lipid contents of the shed snake skin, we 
^PPtated the solvent extract under nitrogen gas arid'then dried the 
i^due under reduced pressure until die weight became constant. 
TO lipids of excised human skin were extracted according to the 
following procedure. After setting a circular piece of human skin 
between two halves of a diffusion cell, 1 ml of chloroform and 
Methanol mixture (2 : 1 v/v) was placed on the skin surface. The 
^ganic solvent was discarded after 30 min, and the skin surface was 
three times with 1 ml of methanol* followed by distilled 



ertneatipn Study All permeation experiments were performed 
D y using a diffusion cell (Franz-type) in a room with constant tern- 
praturc maintained at 25'C. A circular piece of skin (untreated or 
Jpid-dcpleted) was held securely between the two halves of the cell, 
i ^ e ar ca of skin exposed to the test solution or drug particles was 
\ -785 cm 2 (1 cm diameter). The lower receiver cell was filled with 
ic pH 7.4 Tris-HGl buffer solution. The volume of each re- 



% VCC C wa * accurately determined in advance. The solution in 



jV e rc cciver cell was stirred vigorously with a magnetic bar during 
^ experiments to minimize the diffusion boundary layer at the 
^^brane interface. Aliquots of the solution in the receiver cell 
v c . re withdrawn at designated time intervals, arid then the same 
^ tame of the above buffer solution was resupplied to, the cell 
J^pfes were stored at- 30° C until analysis. The permeation rate 
3 test compound was determined from a slope of a regression line 



obtained by plotting the cumulative amount penetrated against the 
time. 

A compound was applied to the skin surface in two different 
states —solution and solvent-deposited. 

Solution: Dosing solutions of various compounds wereprepared as 
follows. S A (pKa = 3.0) was dissolvedin isotonic pH 2.0 phdspKate 
buffer, pH 3.0, pH 3.5, pH 4.0 citric acid-phosphate buffer, or 
pH 7.4 Tris-HCl buffer at a concentration of 500 /ig/mL AAP 
(pKa « 9.5), phenol (pKa - 10.0)* SAA, DNGfi, methyl-PABA, 
ethyl-PABA, propyl -P ABA, butyl-PABA, and butyl-paraben were 
each dissolved at a concentration of 5 /imol/ml in a mixture of 
ethanolandpH 4.0 citric acid- phosphate buffer solution (1: 5 v/v) 
so that more than 99% of each compound existed in the unionized 
form in the dosing solution. For PABA (pKa = 4^65, 4.80), the 
pH 3.0 buffer solution was used. 3 H-Water was mixed with saline at 
a radioactive concentration of 20 /zCi/ml . One milliliter of each test 
solution was placed on the stratum corneum side (beta-layer side in 
shed snake skiri) and the upper donor ceil was sealed; with parafilm. 

Solvent-Deposited; Application of a compound in a solid form \yas 
carried out according to the method of Scheuplein and Ross [21}. 
AAP, SAA, DNCB, and butyl-PABA were dissolved in acetone at a 
concentration of 500 //mol/ml. After shed snake skin (untreated and 
lipid-depleted); had been set on a diffusion cell and pH 7.4: buffer 
solution added to the receiver cell i a sheet of wet filter paper (15 >< 
25 mm) was coiled around the inside of the cylindrical; part of the 
donor cell and the opening of the cylindrical part was sealed with 
parafilm; Thus, the skin surface was hydrated for 24 h prior to the 
experiments. Ten microliters of an acetone solution of a compound 
(5 /zmol) was placed on the skin surface. Acetone was completely 
evaporated by aeration on the skin. This was followed by a perme- 
ation study during w'hich the opening of the cylindrical part of the 
donor cell was sealed with parafilm to keep the; atmosphere above 
the skin surface hydrated at about 100% relative: humidity; 

Determination of Lipophilicity As a lipophilic index, the log 
k value of each compound was: determined by high-performance 
liquid chromatography, according to the method of Yamana et al 
[22]. Briefly, a methanol solution of a compound was injected on a 
TSK gel - reverse-phase column (ODS-80TM, Toyo Soda, Tokyo, 
Japan) and: the compound was eluted with a mixture of methanol 
and water at a fl ow rate of 1 ml/min. The composition of methanol 
in the mobile phase was changed from 20% to 70% according to the 
retention time of the compound. Detection of the compound was 
done at UV 254 nm. From the retention time of the compound 
(retained) and mobile phase (un retained), log k' is defined as log 
k' — log [(Tr/T0) — 1], where Tr and TO denote the retention time 
of the retained and unretained peaks, respectively. The calculated 
log k' values were; plotted against the concentration of methanol 
(v/v%) in the mobile phase and the resultant line was extrapolated 
to 0% methanol to obtain the log k value. 

Analysis The concentration of SA, SAA, and phenol in the 
aqueous samples was determined by fluorescence spectroscopy (F- 
3000 Fluorescence Spectrophotometer, Hitachi, Japan) at Wave- 




Table L Effect of Lipid Depletion with Chloroform/Methanol Mixture on Penetration Rate of SA Through 

Shed Snake Skin and Human Skin* 



4 £a^f ^^Witcr of SA buffer solution (500 /ig/ml) was applied to donor cells at 25'C. 
*5r\ represents the mean ± SEM of 5 -8 trials. Values without SEM were one trial. 
NU » not detected. 



Penetration Rate (fig/cm 2 /h) 




Shed Snake Skin 




Human Mamma Skin 


pH 2.0 


pH 4.0 


pH 7.4 pH 2.0 


pH 4.0 pH 7.4 


5.09 ± 0.18* 
cted 14.92 ±0.78 


0.29 ± 0.05 
7.37 ±0.32 


ND' 5.09 ±1.03 
6.54 ±0.12 16.10 


0.37 ± 0.09 ND 
6.40 0.21 
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Figure 2. Time course of cumulative amount of SAA (A) and DNGB (B) 
penetrated through untreated, (closed circle) and lipid -depleted (open circle) 
shed snake sldn; One milliliter of SAA and DNCB buffer solution (pH 4.0) 
was applied to donor cell at 25° C Bar, SEM of three trials, Line, the regres- 
sion analysis curve. The number beside the line represents the r 2 value.; 



lengths of 298 nm (excitation) and 407 nm (emission) for SA; 
333 nm and 415 nm for SAA; and 273 nriiahd 300 nm for phenol. 
Other compounds were assayed with a spectrophotometer (UV^ 
160A, Simadzu, Kyoto, Japan) at 241 nm for AAP, 251 nm for 
PNGB, 257 nm for buty i-paraben, 266 nm for PABA, 285 nm for 
PABA-esters; and 550 nm tor phenol red. Detection limits for these 
Compounds, were 2 juML or less, with the exception of phenol red, 
which had £ detection limit of 0:5 fiM. No substances ^ ihterfering 
with ultraviolet and fluorescence spectroscopic analysis of these 
drugs were released from either human skin or shed snakeskin. For 
the 3 H-water samples (100 fill each), 3 ml of scintillation cocktail 
was added and the radioactivity was determined by a liquid scintilla- 
tion counter (LSL-903, Aloka, Tokyo, Japan) with an external stan- 



RESULTS 

Effect of Lipid Depletion on Permeability to SA of Human 
Skin and Shed Snake Skin The extent of skin permeability to 
weak organic acid's such as SA is known to depend on the mole 
fraction of unionized compound [23,24]. The penetration rate;of S A 
through untreated human skin and shed snake skin also increased 
linearly with an increase of unionized fraction, consistent with the 
pH-partition theory (Fig 1). No permeation of SA was observed at 
pH 7.4. The effect of lipid depletion on SA permeation was exam- 
ined by using different pH solutions; Depletion of lipids resulted in 
a significantly increased, permeation of SA at all pH values in both 
skins (Table I). The enhancement ratios (treated/untreated) were 
calculated to be 3.2;at pH 2.0 and 17.3 at pH 4.0 in human mamma 
skin, and- 2.9 at pH 2.0 and 24.5 at pH 4.0 in shed snake skin, 
respectively. Interestingly, S A penetrated the lipid-depleted human 
skin and shed snake skin even at pH 7.4. The extent of increased 
penetration rate of SA at any pH tested was found to be comparable 
in human skin and shed snake skin. Also, greater effects were. ob- 
serve^ on the: ionized form rather than the unionized form of SA. 

Effect of Lipid Depletion on the Permeability of Shed Snake 
Skin to Compounds with Different Lipophilicities In this 
study, compounds were applied to the skin surface as both an 
aqueous solution and a solvent-deposited solid. In Fig 2 arc typical 
examples of the application of an aqueous solution, the permeation 
time profiles of SAAand DNCB in the lipid-depleted and untreated 
shed snake skin. These compounds were selected as examples of 
relatively less lipophilic (SAA, log k = 1.34) and more lipophilic 
(DNCB, log k = 2.24) compounds. No effect of lipid depletion on 
the permeability of DNCB was observed, whereas the pcrmcabil ity 




1.0 2.0 3.0 

Upophilicity (log k) 



Figure 3, Relationship between penetration rate and Hpophilicity (log k) 
various compounds as unionized form through untreate 

d (closed circle) a»<J 

lipidrdepleted (open circle) shed snake skin. One milliliter of -a cornpoun 
buffer solution (5 #mol/ml) Was applied to dbrior cell at 25* C 1, AA?i 
PABA; 3, phenol; 4, SAA; 5; : methyl-PABA; 6, cthylrPABA; 7, bMCB-^ 
propyl-PABA; 9, butyUPABA; 10* butyl-paraben. Each value represent* ^ 
mean of thrcc ; trials. The standard errors werc : within the diameter? of * 
symbols.; 



of SAA increased 10 times in the lipid-depleted skin. This finding 
indicates that shed snake skin was more permeable to the relatively 
less lipophilic compound when lipids were depleted. „ , 

The effect of lipid depletion on the penetration rate of sever? 1 
compoundshaving different lipophilicities w^s examined. 
the penetration rate of these compounds frornian aqueous solution JS 
plotted against the lipoj>hilicSndex, log k. In untreated skin, aparsjr 
bolic relationship with a peak at the log k value of 2.5 was obtain^- 
The effect of lipid depletion on the r^netratipn rate varied ^marked v- 
depending on the lipophilicities of j the permeants. A plotting of t,lC 
'increased ratio of the penetration rate against the; lipophilic inu*^ 
log k, revealed 'the greater effects on compounds; with lower hp 0 
philicities having log k values of less than 2 (Fig 4). On the oth^ 
hand, little effect was observed oh compounds with higher Up°P nl * 
licities (log k > 2), .. 

The contrasting: effects of lipid depletion on the permeability.?, 
more and less lipophilic compounds was further examined by a s0 u 
application method. In this case, the influence of unstirred 
boundary layers on the skin surface should be negligible. AAP. 
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Figure 4., Enhanced penetration rates of various compounds bylip^^^j^ 
tton in shed snake skim 1, AAP; 2, PABA; 3, phenol; 4, SAA; 5, ( 0t 
PABA; 6, ethyi-PABA; 7, DNCB; 8, propyl-PABA; 9, Mtyh^^ 
biityl -para ben. 
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Table: U>. Effect of Lipid Depletion with Chlorofbrm/Mcthanol Mixture on Penetration Rate of Compounds Applied 

in a Solid Form Through Shed Snake Skin* 







Penetration Rate (nmo 


■ 

i/cm 2 /h) 




AAP 
(logk —0.76) 


SAA 

(log;k=i.34) 


DNGB 
(logk = 2.24) 


ButylrPABA 
(logk -3.16) 


Untreated 


12.1 ±0.7* 


44.5 ±1.3 


71.5 ± 5.3 


29.6 ±2.0 


Lipid depleted 


973.3 ± 51.6 


457.0 ± 20:9 


87.9 ± 3.8 


36.8±1,4 


Ratio (treated/uncreated) 


80.44 


10,27 


1.23 


1.24 



j Five micromoics of each compound was applied to donor cells at 25* C. 
Each value represents the mean. ± SEM o&hrcc trials. 



DNCB, arid butyl- PABA were used as model pcrmeants> and die 
results; are summanzed in Table I L The increased permeation by 
Mpid depletion was again observed in the less lipophilic compounds* 
^hich is seen in the solution application. 



. of Lipid Depletion on Water Transport The effect of 
hpid depletion on water rransport was examine 

summarized in Table III, water permeation increased: in the 
etcd.skin (both human and shed snake skin). 



DISCUSSION 

^° clarify the role of intercellular stratum corneum lipids in drug 
? ern ^?atibri, we investigated the effect of lipid depletion of the 
toatujn corneum on skin permeability to various compounds. In 
untreated skin, SA penetrated the skin following pH-partition 
Pcory (Fig 1). This finding shows that the barrier properties of the 
Stratum corneum for S A permeation are predominantly caused by 
the lipids. 

Lipid depletion of botlv human and shed snake skin facilitated the 
P^meation of completely ionized S A (at pH 7.4), which is usually 
^permeable, through untreated skin (sec Table I). In addition, the: 
permeation of relatively hydrophilic compounds (log k < 2) ih~ 
ereased markedly (Fig 3). However, in a separate experiment with 
Pnenpl ted, which is extremely water soluble and impermeable 
trough untreated skin, the depletion of lipids did not measurably 
y ^ its permeation through shed snake skin. This shows that 
P^-depleted skin still retains some of its barrier function against 
Cer *ain water-soluble compounds, depending on the molecular size. 

°n the other hand, permeability of the lipid-depieted skin to 
^. 0re lipophilic compounds (log k > 2) was almost the same as that: 
untreated skin (Fig 3). In the study employing aqueous solutions 
y a compound* the solution in the donor cell was not stirred during 
^ e perrneation experiment. This experimental condition raises the 
p ss ibility that the maximal flux of a compound, especially a highly 
Wlic compound, Could be limited by the unstirred boundary 
ori the skin surface. To examine this possibility, die applicar 
iih!L a compound in a solid form in which the existence of the 
red boundary layer on the skin surface was eliminated, was 



Table; III. Effect of Lipid Depletion with Chloroform/ 
w Methanol Mixture on Penetration Rate of 3 H-Watcr fl 



Penetration Rate (/i\/cm 2 /h) 



Shed Snake 
Skin 



Human 
Mamma Skin. 



Seated 
i!N depleted 



0.099 ± 0.005' 
4.453 ±0.142 



0. 150 ± 0.034 
6. 150 ± 0.394 



* niiHilitcr of 3 H-water (20/iCi/ml) was applied 
Ch Value represents die mean ± SEM of 3-4 trials. 



to donor cell at25'C 



also studied. Similar results to that of the solution application were 
observed (see Table II), These findings indicate^ that the possible 
existence of an unstirred boundary layer in the donor solution docs 
not affect the skin permeation of the mtlicr jipophilic compounds 
used in the present study: 

The possible presence of another unstirred boundary layer in the 
receptor solution should also be taken into consideration. However, 
the effects of the unstirred; boundary layer in the receptor solution 
can be set aside in the present study because the receptor solution; 
was vigorously agitated to reduce the thickness of the layer. 

Our experiments were conducted with full-thickness human skin 
and shed snake skin. Full-thickness human skin has an underlying 
tissue (viable epidermis and dermis), which is predominantly 
aqueous and has an effective thickness (1 to 3 mm) of aqueous 
boundary layers.. Bronaugh has reported that the thick derhul tissue 
can present a substantial barrier in an in vitro permeation study, 
particularly for lipophilic compounds [25]. Estimating the; diffusion, 
coefficient (D) in the tissue to be 0.007 for SA in the absence of any 
stratum corneum barrier would be calculated as follows: j == (D/ 
h) - C - (0.007 cm 2 /h) (506//g/ml)/(0.18 cm) = 19.4/ig/cmVh, 
where C and h denote the SA concentration in the donor cell and 
the thickness of the underlying tissue of human mamma /skin, re- 
spectively. This calculated J Value approximates the increased flux 
value of SA at pH 2.0 (16.1: /ig/cm 2 /h) observed in the lipid-de- 
pleted human skin (sec Table I). Thus, the diffusion process through 
the underlying tissue can bc a rate-determining step in the overall 
diffusion through the skin, especially when the diffusion resistance 
of the stratum corneum to permeants is markediy decreased. On the 
other hand, shed snake skin is much thinner (=* 50 //m) than human 
skin, indicating that the aqueous boundary layer effects in shed 
snake skin can be discounted. The observed selectivity of the lipid- 
depletion effect on enhancing the flux of hydrophilic compounds 
can be attributed to an effect specific to the barrier properties of the 
stratum corneum alone. 

In the present study; 4.92 ± 0.23% (n »■ 10) of the; shed snake 
skin weight Was extracted as lipids. However, Itoh et aj [16] re- 
ported that lipids comprise about 6% of the shed snake skin weight. 
Therefore, the fact that the permeation of highly lipophilic com- 
pounds was not influenced by lipid depletion also suggests that sonie 
amounts of lipid must remain in the stratum corneum even after the 
extraction by solvent, and provide a route for the permeation of 
compounds with higher lipid affinity. 

The fact that lipid depletion increased the membrane permcabilr 
icy to the less lipophilic compounds may be related only to the 
marked increase in the water flux (about 40 times as shown in Table 
III). It has been reported that high relative humidity (75%), which 
increases the water content in stratum corneum by up to 20 w/w% 
[26], increases the percutaneous: absorption ofrelativcly water-solu- 
ble compounds [27]. This finding has been accounted for by the 
mechanism of increased lipid fluidity, i.e., hydration loosens inter- 
molecular forces both in the polar head^ and packed hydrophobic 
groups and extends the hydrophilic domain by allowing insertion of 
water molecules around polar head groups, resulting in easier mi- 
gration of compounds [28]. The increased water flux and preferen- 
tial enhancement of permeability to less lipophilic compounds. 
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caused by lipid;depletiori may also be explained by the above mecha- 
nism. 

REFERENCES 

1 s Wcres PWi SwartzendruberDC, Madison KC, Downing DT: Com- 
position and morphology of epidermal cyst lipids, J Invest Dermatol 
89:419-425. 1987 

2. Lampe MA, Williams ML, Elias PM: Human epidermal lipids: Gharac-: 

terization and moduatioris during differentiation. J Lipid Res 
24:131-140/1983 

3. Gray GMrWhite RJ,Willianis RH, Yardley HJ: Lipid composition of 

the superficial stratum corncum cells of pig epidermis: Br J Derma- 
tol 106:59-63, 1982 
4; Lampe MA, Burlingamc AL, Whitney, J, et al: Human stratum cor- 
ncum lipids: Characterization and regional 5 variation, j Lipid Res 
24:1-20- 129, 1983 

5. Long SA, WertzPW, Strauss JS, Downing DTi Human stratum corr 

neura polar lipids and desquamationi Arch Dermatol Res 277:284- 
287, : 1985 

6. Gray GM, White RJ: GlycosphingoHpids and ceramides in human and 

pig epidermis, J Invest Dermatol 70:336 -341 , 1978 

7. Madison KG, Swartzendruber DC, Wertz PW < Downing DT: Pres- 

ence of intact intercellular lipid lamellae in the upper layers of the 
stratum corneum. J Invest Dermatol 88:714-718, 1978 
8; Landmann L: Epidermal permeability barrier: Transformation of la- 
mellar granuie-KUsks into intercellular sheets by a membrane-fusion 
process, a frceze-fracturc study. J Invest Dermatol 87:202- 209, 
1986 

9; Landmann L: The epidermal permeability barrier. Anat Embryo! 
(Bcrl) 178:1^13, 1988 

10. Swartzendruber DC, Wertz PW, Kitko DJ, Madison KG, Downing 
DT: Molecular model of the intercellular lipid lainellae ih mamma- 
lian stratum corneum. J Invest Dermatol 92:251- 257, 1 989 

1 1L Elias: PM: Epidermal lipids, barrier function, and desquamation. J In- 
vcst Dermatdl 80:44S-49S, 1983 

12. imdkawa G, Akasaki S, Hartori M, Yoshizuka N: Selective recovery of 

deranged water-holding properties by stratum corneum lipids. J 
Invest Dermatol 87:758- 761, 1986 

13. HihzRS, Hodson CD, Lorence GR, Guy RH: In vitro penetration: 

Evaluation of: the utility of hairless mouse skin. J Invest Dermatol 
93:87-91, 1989 



14. Bond JR, Barry BW: Limitations of h airless \ mouse skin as a model for 

in vitro permeation studies through human skin: Hydration damage. 
J Invest Dermatol 90:486^ 489, 1988 

15. Houk J, Guy RH: Membrane model for skin penetration s 

Rev 88:455-471, 1988 

16. Itoh T, Xia J. Magavi R, Nishihata T, Rytting H: Use of shed snakt 

skin as a model membrane for :in ; vitro percutaneous penetration, 
studies: comparison with human skin.. Pharm Res 7:1042-1047,; 
1990 

17. Landmann L, Stolinski C, Martin B: The permeability barrier in the 

epidermis of the grass snake during the resting stage of the sloughing 

cycle. Cell Tissue Res 215:369- 382, 1981 
IB. Roberts JB, LiJIywhite HBiLipid barrier to water excnarig&in reptile 

epidermis. Science 207: 1077 -1079, 1980 
19; Elias PM, Cooper ER, Korc Ai Brown BE: Percutaneous transport in 

relation to stratum corneum structurc^and lipid; composition. J ln r 

vest Dermatol 76:297-301, 1981 

20. Sweeney TM, Downing DT: The role of lipids in the epidermal barrier 

to water diffusions Ji Invest Dermatol 55:135 -140, 1970 

21. Scheupleih RJ, Ross EW: Mechanism of percutaneous absorption: 

percutaneous absorption of solvent deposited solids. J Invest Derma- 
tol 62:353 - 360, 1974 

22. Yamana T, Tsuji A, Miyamoto E, KuboO: Novel method for deteriru- 

nation of partition coefficients of penicillins and cephalosporins. P» 
high-pressure liquid chromatography, J Pharm Sci 66:747— 74v»- 
1977 

23. Kiirosaki Y, Aya N, Okada Y, Nakayama T, Kimura T: Studies on 

drUg absorption from oral cavity: physiocochcmical factors affecting 
absorption from Hamster cheek pouch. J; Pharmacobioclyn: 9:28/" 
296, 1986 

24. Flynn GL: Mechanism of percutaneous absorption from physiochenu- 

cal evidence. In: Bronaugh RL, Maibach HI (eds.); Percutaneous 
Absorption. New York, Marcej Dekker^ 1989^ pp 27-51 

25. Bronaugh RL: Petermmation of percutaneous absorption by in v,t f° 

techniques. In: Bronaugh RL, Maibach HI (eds.). Percutaneous Ab- 
sorption. New York, Marcel Dekker, 1989 > pp 239- 258 

26. Potts RO: Stratum corneum hydration: Experimental techniques anil 

interpretations of results. J Soc Gosmet Chem 37:9- 33 v 1986 _ 
27:. Reifcnrath WG: Evaporation andpenetration from skin. In: BronaMS 

RL, Maibach HI (eds.). Percutaneous Absorption:, New YprKrM*** 

eel Dekker, :i989, pp 313- 334 
28; Barry BW: Mode of action of penetration enhanccrs' in huinaniskin- J 1 

Controlled Rcl 6:85-97, 1987 



This document is a scanned copy of a printed document. No warranty is given about 
the accuracy of the copy. Users should refer to the original published version of the 
material. 



I., Ahsorp- 
is series of 
nanisms of 
n rat small 



REFERENCE 6 



International Journal of Pharmaceutics, 79 ( 1 992) 141-148 
Elsevier Science Publishers B.V. 



UP 02620 



ed benzoic 
% ScLy 64 

., E.T. and 
itu rat gut 
J. Pharm. 

Merino, 
ion models 
and in the 
I intestine, 
ial issue, in 

S., Pcrez- 
Ifina, J.M., 
nlogous se- 
idy mecha- 
itic amines 
0 189-196. 
, Bermcjo, 
d. t Gastric 
biophysical 
ior. Int. J. 

J., Perez- 
San chez- 
jliability of 
Ring-sub- 
14 (1986) 

bera, J.E., 
■hi between 
und in the 
») 165-173. 
lion/part i- 
ear model. 

'.G., Peris- 
n-Villodre, 
omologous 
tudy mech- 
: amines in 

Hization of 
icr. Chcm. 

LJno, T., A 
for micro- 
85. 



The influence of alkyl-azones on the ordering of the lamellae 

in human stratum corneum 



J.A. Bouwstra \ G.S. Gooris J. Brussee 2 , M.A. Salomons-de Vries 1 and W. Bras 3 

' Center for Bio-Pharmaceutical Sciences, 2 Organic Chemistry Department, Uniuersity of U'iden, P.O. Box 9502, 2300 RA Leiden, 
(The Netherlands) and 3 Dareshury Synchrotron Radiation Station /NWO, Warrington WA4 (U.K.) 

(Received 7 May 1991) 
(Modified version received 31 July 1991) 
(Accepted 23 August 1991) 



Key worth: Azone; Lamellar structure; Small angle X-ray scattering; Stratum corneum 

Summary 

The effect of a series of alkyl-azones (N-alkylazocyc)oheptane-2-<>ne) on the structure of human stratum corneum has been 
studied by small angle X-ray scattering. Treatment with alkyl-azones having alkyl chains greater than six carbons in length resulted 
in the disordering of the lamellae in the stratum corneum. The results could be correlated with those obtained by thermal analysis. 
The remaining thermal transition after treatment with longer alky) chain azones is probably due lo the lipids associated with the 
proteins. 



Introduction 

The intercellular regions in the stratum 
corneum consist of lipids that are arranged in a 
lamellar phase (Elias and Friend, 1975). The lipids 
which constitute the lamellar phase arc, e.g. ce- 
ramides, cholesterol, glycerides and alkyl acids. 
The intercellular route is supposed to be the 
main pathway by which drugs and other sub- 
stances diffuse across the stratum corneum. For 
this reason it is very important to obtain informa- 
tion on the structure of the intercellular lipids 
and the changes in this structure induced by 
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penetration enhancers. Using small-angle X-ray 
scattering (SAXS), one of the first studies on the 
structure of the lipids in human stratum corneum 
was carried out by Friberg and Osborne (1985). 
They observed a single broad diffraction peak. 
Assuming a lamellar phase, a repeat distance of 
approx. 6.0 nm was calculated. White et al. (1988) 
studied the structure of the lipids in murine stra- 
tum corneum. They observed a series of sharp 
diffraction peaks which were based on a lamellar 
phase with a repeat distance of 13.1 nm. Bouw- 
stra et al. (1991a) found a repeat distance of 6.5 
nm for human stratum corneum, but could not 
exclude a distance of approx. 13 nm. Garson et 
al. (1991) found two repeat distances of 6.5 and 
4.4 nm in human stratum corneum. In more re- 
cent studies, it appeared that the scattering curve 
of human stratum corneum could be explained by 



'■ i 
! 




142 



two unit cells with repeat distances of 6.4 and 
13.4 nm, respectively (Bouwstra et al., 1991b). 

Several techniques were used to investigate 
the influence of penetration enhancers on the 
structure of lipids in the stratum corneum. Ther- 
mal analysis was used to study the influence of 
water (Golden et al., 1987), dimethyl sulfoxide 
(Goodman and Barry, 1986) and oleic surfactants 
(Golden et ah, 1988) on the phase transitions. 
Fourier transform infrared spectroscopy (FTIR) 
was used to study the effect of oleic acid and 
D 2 0 on the C-H stretching absorbancc (Mak et 
al, 1991). 

Several investigations were carried out on the 
effect of alkyl-azoncs on the penetration route 
(Bodde et al., 1989), thermal transitions (Bouwstra 
et al., 1989) and penetration enhancement. Dode- 
cyi-azone in combination with propylene glycol 
(PG) favoured the intercellular transport of HgCI 2 
(Bodde et al., 1989), while hexyl-azone did not 
change the distribution of HgCl 2 between cor- 
neocytes and lipid regions. In another study, an 
increase in penetration enhancement was ob- 
served using longer alkyl-azones (Hoogstraate et 
al., 1991). The increase in penetration enhance- 
ment is accompanied by a decrease in the total 
enthalpy of two lipid phase transitions. The influ- 
ence of dodecyl-azone on the bilayers was studied 
using DPPC liposomes (Beastall et al., 1988), 
which are supposed to be a model system for the 
bilayers in the stratum corneum. It was concluded 
that intercalation of dodecyl-azone resulted in a 
decrease in the diffusional resistance of the bilay- 
ers. 

This paper describes the influence of alkyl- 
azones on the lamellar structure in human stra- 
tum corneum measured by small-angle X-ray 
scattering (SAXS). 



Materials and Methods 

Preparation of the samples 

Human mamma or abdomen skin obtained 
after surgical operation was dcrmatomed to a 
thickness of approx. 200 jum. The stratum 
corneum was separated from the epidermis by 
digestion with a 0.1% trypsin solution for 14 h. 



O 

(^J 4 ~ (CH2) " H 

Fig. 1. The structure of alkyl-azones, in which n represents 
the number of C atoms in the alkyl chain. 



The stratum corneum was washed and dried over 
silica gel. Before use it was equilibrated above 
27% w/w NaBr solution to achieve a hydration 
level of 20% w/w. 

Synthesis of alkyl-azones 

The synthesis of the nikyl-azones was carried 
out as described before (Bouwstra et aL, 1989). 
The purity of the azones was checked by NMR 
and appeared to be better than 98%. The struc- 
ture of alkyl-azones is shown in Fig. 1. 

Pretreatment of human stratum corneum with 
alkyl-azones 

Pretreatment was carried out by immersing the 
stratum corneum in a solution of propylene glycol 
(PG) or alkyl-azone in PG (0.15 M solution) for a 
period of 24 h. The alkyl chain length varied 
between 6 and 16 atoms. In another series of 
experiments stratum corneum was heated to 90°C 
and cooled down in order to recrystallize the 
lipids, after which the stratum corneum was pre- 
treated with alkyl azones in PG as described 
above. 

Small angle X-ray scattering (SAXS) 

All measurements were carried out at the Syn- 
chrotron Radiation Source at Daresbury's Labo- 
ratories using station 8.2. This station has been 
built as part of an NWO/SERC agreement. The 
camera produces a highly coll ima ted beam with a 
cross-section of 0.4 X 4 mm 2 at the sample posi- 
tion. With the SRS operating at 200 mA and 2 
GeV the X-ray intensity is approx. 4 X 10 11 pho- 
tons/s with A =0.15 nm at the sample position. 
Smearing of the diffraction pattern due to the 
finite size of the X-ray beam is negligible. The 
saraple-to-detector distance can be set between 
0.2 and 4.5 m enabling studies of systems with 
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repeat distances 0.4 < d < 100 nm. For data col- 
lection a multiwire, posit ion -sensitive quadrant 
detector was used. This detector can handle count 
rates up to 250000 s~\ The detector system 
spatial resolution is 0.5 mm. This detector defi- 
nitely improves the signal-to-noise ratio at higher 
diffraction angles compared with a previously 
used linear detector (Bouwstra et a!., 1991a). For 
all the experiments the samplc-to-detector dis- 
tance was set to 2.0 m. The diffraction patterns 
were normalized with respect to synch rotron 
beam decay and absorption of the sample. Back- 
ground subtractions and corrections for posi- 
tional inhomogeneity in the detector sensitivity 
were performed as well. No smoothing algorithms 
were applied to the data. Calibrations were per- 
formed with the help of a wet rat tail collagen 
sample with a repeat distance of 67 nm. 

The stratum corneum, approx. 5 mg in weight, 
was put in a specially designed temperature-con- 
trolled sample cell. Scattering curves were col- 
lected for 15 min. The scattering intensities are 
plotted as a function of the scattering vector Q 
defined as Q — (4tt sin 0)/A, in which $ is the 
scattering angle and A the wavelength. 



Results and Discussion 

After pretreatment of stratum corneum with 
alkyl-azones in combination with PG a check on 
the lipid loss was performed. No lipids could be 
detected in the alkyl-azonc/PG solution using 
thin-layer chromatography (Ponec et aL, 1988). 

In Fig. 2 the scattering pattern of untreated 
human stratum corneum hydrated to 20% w/w is 
shown. The scattering pattern of 40% w/w hy- 
drated stratum corneum has been added to this 
plot, since at this hydration level the diffraction 
peaks are more pronounced. The scattering curve 
is characterized by a high intensity at Q < 0.8 
nm" 1 and a broad diffraction peak at 0 — 0.98 
nm -1 . The broad diffraction peak clearly exhibits 
a shoulder on the right-hand side, indicating that 
it actually consists of two partially unresolved 
peaks. At Q = 1.85 nm" 1 a weak diffraction peak 
could be detected. The weak diffraction peak also 
exhibits a shoulder on the right-hand side. 
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Fig. 2. The scattering curve of untreated stratum corneum 
hydrated to 20 or 40% w/w. 



A lamellar phase results in a scattering curve 
with Bragg reflections located at equidistant posi- 
tions in reciprocal space. The position of the /i-th 
order diffraction peak is directly related to the 
repeat distance d (length of the unit cell) accord- 
ing to the following equation: 

Q n = 2/2 n/d 

In recent studies (Bouwstra et aL, 1991b), it has 
been shown that the presence of the two diffrac- 
tion peaks can be explained by the existence of 
two lamellar arrangements with repeat distances 
of 6.4 and 13.4 nm, respectively. The main peak 
of the strong diffraction doublet and the shoulder 
of the weak diffraction peak originate from a unit 
cell with a repeat distance of 6.4 nm, while the 
shoulder of the strong diffraction doublet and the 
main position of the weak diffraction doublet 
correspond to a unit cell with a repeat distance of 
13.4 nm. These conclusions were based on experi- 
ments considering recrystallization of the lipids in 
the stratum corneum which showed a lipid ar- 
rangement of only one unit cell with a repeat 
distance of 13.4 nm. 
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In Fig. 3a and b, the scattering curves of 
stratum corneum treated with PG or alkyl-azones 
in combination with PG are shown. After treat- 
ment with PG no significant changes were ob- 
served in the scattering curve, even the position 
of the main diffraction peak showing no shift, 
which implies that no swelling of the lamellae 
occurred. A similar behaviour was observed upon 
hydration (Bouwstra et al., 199la,b). Changes in 
hydration level from 6 to 40% w/w did not 
change the main peak position of the strong 
diffraction doublet, which is quite remarkable. 
Treatment with hexyl-azone in combination with 
PG decreased the intensity of the strong diffrac- 
tion doublet. The main peak as well as the shoul- y 
der decreased in intensity indicating that hexyl- 
azone interacts with the lipids in both unit cells. 
Treatment with octyl-azone and longer alkyl chain 
azones resulted in the almost complete disap- 
pearance of the main diffraction doublet. Only a 
shoulder was observed on the descending scatter- 
ing curve. Alkyl-azones with 8 or more C atoms in 
the alkyl chain produced a much stronger disor- 
dering of the lamellae than did hexyl-azone. This 
diference in interaction observed using SAXS can 



be related with changes observed in the phase 
transitions after treatment with alkyl-azones 
(Bouwstra et al., 1991a). 

In Fig. 4 the change in the thermal transitions 
of stratum corneum is shown after treatment with 
a whole series of alkyl-azones. The thermal be- 
haviour of untreated human stratum corneum 
exhibits four transitions (Golden et al., J 987, 1988; 
Bouwstra et al., 1989). The first and second tran- 
sition appeared at 37 and 70°C, respectively. Both 
peaks in the DTA curve were ascribed to re- 
versible phase transitions of the lipids in the 
stratum corneum. The third transition (87°C) is 
probably due to lipids associated with proteins in 
the stratum corneum. This transition was only 
reversible in the cases where heating did not 
denature the proteins. The fourth irreversible 
transition located at 120°C is due to denaturation 
of the proteins in the stratum corneum. Treat- 
ment with PG resulted in a shift of the transition 
temperature of the two lipid transitions originally 
located at 70 and 87°C to lower temperatures, 
indicating that PG interacts with the intercellular 
lipids. No change in the total enthalpy involved in 
these two transitions was observed. In fact treat- 
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Fig. 3. (a) The scattering curve of human stratum corneum after treatment with hexyl-azone (C^), oxtyl-azone (C 8 ) or decyl-azonc 
(C IU ) in combination with propylene glycol, (b) The scattering curve of human stratum corneum after treatment with decyl-azone 

(C,„), dodeeyl-azone (C 12 )or hexadccyl-azone (C l6 ) in combination with propylene glycol. 
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Fig. 4. The thermal behaviour of stratum comeum after 
treatment with a whole series of alkyl-azones in arnibinalion 

with PG. 



further shift of the peak to lower temperatures. 
From the shape of the peak it is not clear whether 
both transitions still occur and whether the en- 
thalpy involved in these transitions decreased or 
one of the two transitions disappeared. With re- 
spect to the transition originally located at 70°C 
the temperature of the resulting single peak after 
decyl-azone treatment was higher than the transi- 
tion temperature after treatment with octyl-azone. 
Since an upward jump in temperature is not very 
likely, it is probable that the lipid transition origi- 
nally located at 70°C has disappeared, while the 
lipid transition originally located at 87°C has 
shifted to lower temperatures. More evidence for 
the correctness of this hypothesis can be found in 
the SAXS curves that were obtained at higher 
temperatures. These scattering curves are shown 
in Fig. 5. The scattering curve measured at 60°C 
does not differ significantly from that recorded at 
25°C, indicating that no detectable disordering of 
the lamellae occurred during the lipid transition 
at 40°C. It appears that this transition is due to a 
change from crystalline state bilayers to gel state 
bilayers. At 75°C the main diffraction peak and 
the weak diffraction peak completely disap- 



mcnt with PG does not influence the scattering 
curve, but it does decrease the transition temper- 
ature of the lipids. The same behaviour has been 
found in increasing the hydration level of the 
stratum comeum. An increase in hydration level 
to 40% w/w did not result in a swelling of the 
bilayers, while a decrease in the transition tem- 
peratures of the intercellular lipids was observed. 
Using both techniques a sharpening of the peaks 
was observed after PG treatment or at increasing 
hydration level to 40% w/w. 

After treatment with octyl-azone in combina- 
tion with PG the two peaks in the DTA curve 
were not completely separated. The curve be- 
tween the two transitions did not return to the 
baseline. The area under the peak, which is a 
measure for the enthalpy involved in the transi- 
tion, decreased significantly (Bouwstra et al., 
1989). Treatment with decyl-azone and longer 
alkyl-azones results in a single peak and in a 
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Fig. 5. Scattering curves after heating to various temperatures 
as indicated. Al 75 °C only a shoulder on the descending 
scattering curve is observed. 
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peared. Only a shoulder on the descending scat- 
tering curve remained at Q= 1 nm" 1 . It appears 
that a phase change took place. Since no new 
diffraction peaks appeared the most likely expla- 
nation is a disordering of the lamellar structure. 
The origin of the shoulder on the descending 
curve still present at 75°C is not fully understood, 
but the thermal analysis results indicate that it is 
caused by lipids associated with proteins in the 
stratum corneum. This has been confirmed by 
SAXS, since after recrystallization of the lipids a 
reheating of the stratum corneum did not exhibit 
the shoulder on the scattering curve found in the 
first heating experiment at 75°C. It appears that 
the shoulder at the scattering curve is influenced 
by the denaturation of the protein and is there- 
fore indeed due to the lipids associated with the 
proteins. The presence of only a residual shoul- 
der on the scattering curve implies that the long- 
range order completely disappeared. In fact, the 
shoulder in the scattering curve could possibly be 
caused by the presence of one well-ordered lipid 
layer, which might be the corneocyte lipid enve- 
lope. At 90°C, which is just above the third ther- 
mal transition, the shoulder disappeared confirm- 
ing the hypothesis that the shoulder is due to 
lipids linked to the proteins in the stratum 
corneum. If one now returns to Fig. 3a and b, a 
similar shoulder at the descending scattering 
curve is observed after treatment with alkyl- 
azones with more than six C atoms in their alkyl 
chain. This strongly indicates that the third ther- 
mal transition, which can be related to the shoul- 
der in the descending scattering curve, is still 
present after treatment with longer alkyl chain 
azones while the second thermal transition disap- 
peared, indicating that the remaining thermal 
transition is due to the lipids which are assumed 
to be associated with proteins. This also implies 
that the alkyl-azones in combination with PG 
only influence the lipids which are not associated 
with the proteins. Hoogstraate et al. (1991) 
showed that after treatment with dodecyl-azone 
in PG, a lamellar structure is still present in the 
intercellular spaces. This apparent discrepancy 
can be explained in two ways. The first explana- 
tion is that after treatment with dodecyl-azone, 
there are still lamellae present but the long-range 



order has completely disappeared. The second is 
based on the difference in treatment. For visual- 
ization, the stratum corneum was treated on the 
apical side, while in the experiments described in 
this paper the treatment was carried out by soak- 
ing the stratum corneum in the alkyl -azone/PG 
solution. Very recent results obtained using the 
wide-angle X-ray diffraction (WAXD) technique 
showed that the two reflections corresponding to 
distances of 0.415 and 0.378 nm are still present 
after treatment with dodecyl-azone in PG, al- 
though the intensity of the reflections might be 
decreased. The treatment was carried out by 
soaking stratum corneum in the solution for 12 h. 
The two reflections are based on an orthorhom- 
bic and/or hexagonal lateral packing of the hy- 
drocarbons in the bilayers. These findings con- 
firm the existence of bilayers after treatment with 
alkyl-azones in PG. 

In a series of experiments the stratum corneum 
was heated to 90 °C, and cooled down to room 
temperature to rccrystallize the lipids. After re- 
crystallization the stratum corneum was pre- 
treated with alkyl-azones in PG. The results are 
shown in Fig. 6. Bouwstra ct al. (1991b) showed 
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Fig. 6. Scattering curves of hurmin stratum corneum after 
recrystallization of the lipids and treatment with hexyl-. octyl-, 
decyl- and dodecyl-azone. 
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that recrystallization of the lipids revealed one 
lamellar structure with a repeat distance of 13.4 
run. The diffraction peaks of untreated stratum 
corneum are broader than found previously 
(Bouwstra et al., 1991b), indicating that the long- 
range order of the lipid lamellae is less pro- 
nounced. After pretreatment with azones it ap- 
peared that no significant disordering occurred, 
which is quite remarkable. It seems that the in- 
teraction between alkyl-azones and the lipid bi- 
layers changed after recrystallization of the lipids, 
but the origin of the change in interactions is not 
yet known. A similar change in interaction be- 
tween pig stratum corneum and detergent after 
heating was also observed by Wertz et al. (1989). 
They suggested that it might be caused by a 
change in the interactions between the protein 
bound lipid envelopes of different cells. A possi- 
bility is the forming of more compact bilayers or 
larger lipid regions which makes it more difficult 
for alkyl-azones to intercalate. More experiments 
must be carried out in order to elucidate this 
phenomenon. 



Conclusions 

The influence of alkyl-azones on the long-range 
ordering of the lamellae in human stratum 
corneum depends on the length of the alkyl chain. 
Azones with a hydrocarbon chain length of more 
than six carbon atoms induce a disordering in the 
lipid structure of .human stratum corneum, 
whereas after treatment with hexyl-azone no large 
differences in the structure could be detected. A 
similar jump in behaviour has also been observed 
in other studies. From in vitro toxicity studies, it 
could be concluded that hexyl-azone was less 
toxic than alkyl-azones (Ponec et al., 1989) with 8 
or more C atoms in their hydrocarbon tail. A 
study in which the the penetration enhancement 
of alkyl-azones (Hoogstraate et al., 1991) was 
investigated revealed a significant effect of en- 
hanced penetration of DGAVP after pretreat- 
ment of human stratum corneum with decyl-, 
dodecyl- and tetradecyl-azone, while hexyl- and 
octyl-azone had only a minor influence on the 
transport of DGAVP. 
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The exact mechanism behind the observed dif- 
ference in behaviour of the alkyl-azones is not yet 
known, but it appears that it is not caused by a 
difference in intercalation in the stratum corneum 
bilayers, since recent experiments using skin lipid 
liposomes strongly indicate that hexyl-azone 
(Bouwstra and Salomons-de Vries, unpublished 
results) is also intercalated in bilayer regions in 
liposomes. It seems that the way in which the 
alkyl-azones are intercalated and the resulting 
distortion also play important roles. 
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Abstract □ Fatty acids are effective penetration enhancers for the 
transdermal delivery of certain co-applied drugs. In order to assess the 
mechanism of enhancement, spectrometric, caforimetric, and flux tech- 
niques were used to study porcine stratum corneum following treatment 
with a series of cis- and trans-positional isomers of octadecenoic add. 
Results obtained from spectrometric and calorimetric measurements 
show increased. lipid fluidity, following treatment Of the stratum corneum 
with ; the ds ; mondenoic acids which have the site of unsaturation 
centrally located- Under, similar conditions, these same cis men ©unsa- 
turated acids resulted in enhancement of salicyclic add flux through 
porcine skin, the striking parallelism between flux and fluidity measure- 
ments suggests that transdefmal drug flux may be ultimately related to 
stratum corneum lipid structure. ' 



The primary barrier to transdermal diffusion is the stra- 
tum corneum, the thin outermost layer of the skin which is 
comprised of a regular array of protein-rich cells that are 
embedded in a multilamellar lipid domain. Using differential 
scanning calorimetry (DSC) and infrared (IR) spectrometry, 
we have previously shown that increasing the temperature of 
the stratum corneum results in increased fluidity of the 
intercellular lipids. 1 Furthermore, hydration- and tempera- 
ture-induced changes in stratum corneum permeability par- 
allel changes in lipid fluidity, suggesting a correlation be- 
tween transdermal flux and stratum corneum lipid disorder. 2 

Long-chain fatty acids have been shown to be effective 
penetrant enhancers in Vitro for a variety of co-applied 
drugs. 2 *-® In this study we have systematically investigated 
the effects of treatment with a series of fatty acid isomers of 
18-carbon length on the permeability and lipid fluidity of 
porcine stratum corneum. 

Experimental Section 

Stratum corneum sheets were prepared from porcine skin by 
trypsin treatment. In particular, full- thickness skin samples were 
dermatomed to a thickness of 350 /im and then spread, stratum 
corneum side up, on filter paper saturated with 0.5% crude trypsin 
(Type II-Sigma) in phosphate buffered saline at pH 7.4. After several 
hours of incubation, at 37 °C, the stratum corneum was peeled away 
from underlying layers. This sample was washed in soybean trypsin 
inhibitor and then several changes of distilled water. and spread on 
wire mesh to dry. Samples were stored desiccated at room tempera- 
ture until used. 

Prior to differential scanning calorimetry (DSC) and IR experi- 
ments, dry samples of known mass were incubated for 2 h in a 0: 15-M 
solution of the appropriate fatty acid in ethanol. At the end of the 
incubation, the samples were washed for 10 s in ethanol, spread on 
wire mesh, dried for several hours over a desiccant, and reweighed. 
All samples were then placed for several days in a chamber main- 
tained at 95% relative humidity and 22 °C. Stratum corneum sam- 
ples equilibrated to a water content of ~30% (w/w) under, these 
conditions. 

Infrared Spectroscopic Measurements— Infrared spectra were 
obtained using a fourier transform IR (FTIR) spectrometer (Anaiect 
model FX-6200; Laser Precision Corp., Irvine, CA) equipped with a 
liquid nitrogen cooled mercury-cadinium-telluride detector. Due to 
digital signal processing, a sensitive detection system, high through- 



put, and simultaneous interaction .with the sample at all infrared . 
energies, the FTIR system enables rapid acquisition and analysis of 
IR spectra. 

In order to prevent water loss during the experiment, hydrated 
samples were sealed between zinc sulfide windows while maintained 
at 95% relative humidity and 22 *C. Sealed samples were then placed 
in the spectrometer where multiple spectra of duplicate samples 
were obtained for each fatty acid treatment. All spectra presented 
here represent an average of 127 scans obtained in H5 min. The 
digitized data were transferred to an Apple He computer where peak 
' frequency and band width of the C-H antisymmetric stretching 
absorbance were determined. Due to the digital nature of the FTIR 
instrument, absorbance and frequency data exist only in discrete 
increments. With the instrument used in these experiments, the 
exact value of any frequency point could not be determined from raw 
data with a precision greater than ~2*7 Cm" 1 . The; peak frequency 
was estimated with much greater precision, however 'using a center 
of gravity algorithm for digitized data; 7 

Differential Scanning Calorimetry Measurements— A Microcal 
model MC-1 differential scanning calorimeter (Microcal Inc., Am- 
herst, MA) was used at a scan rate of 0,75 ^/min. Duplicate samples 
from eachIR experiment were combined for the differential scanning 
calorimetry (DSC) measurement. Alternately, stratum corneum 
samples of known mass (--20 mg) were treated with each fatty acid 
in an identical manner to that described above. Treated samples 
were hydrated for several days at 959& relative humidify and 22 °C, 
and reweighed. Results show ah approximate 30% (w/w) water 
uptake regardless of fatty acid treatment. 

Flux Measurements— Sheets of freshly excised porcine skin cut to 
350- /im thickness were mounted between two halves of a diffusion 
cell with the stratum corneum side toward the donor compartment. 
The donor side contained 1.0 mL of a saturated solution of salicylic 
acid in ethanol (0.31 g/mL) plus -lbOOOO dpm/mL [ 14 C3salicylic 
acid. The appropriate fatty acid Was then added to this solution to 
yield a final concentration of 6.15 M. The receiver side contained 1.0 
mL of phosphate buffered saline at pH 7.4. Both sides were stirred 
with a magnetic stirrer and maintained at 32 ? C. 

Samples were removed periodically from the receiver side of the • 
diffusion cell, mixed with a scintillation cocktail (Scintisbl; Isolate, 
Inc., Akron; OH), and counted for several minutes in a liquid 
scintillation counter (model Mark HI-6881; Tracer Analytical, Elk 
Grove Village, : iL). Following; an initial lag time of H5 h, the amount 
of salicylic acid appearing.in the receiver side was linear with time 
for the duration of the experiment (routinely 24-48 h). From a linear 
least squares regression analysis; of these data, the rate of appear- 
ance of salicylic acid in the receiver (dpm/h) was determined. This 
value, when divided by the specific activity- of salicylic acid in the 
saturated solution (-300 dpm/mg) and the area of exposed skin (0;2 
cm 2 ), yielded the flux (mg/cm 2 /h). Samples removed from the donor 
side at the beginning and end of the experiment contained, within 
error, the same amount of salicylic acid. Thus, constant concentra- 
tion of. the permeant was maintained on th© donor Bide throughout 
the experiment. 

Results and Discussion 

The results presented in Fig. 1 compare the IR spectrum in 
the C-H stretching region for an untreated sample (lower 
trace) to the spectrum of a sample treated with 0.15 M cis-11- 
octadecenoic acid (upper trace), hoth hydrated to 30% (w/w) 
water content. Compared with the control, treatment of the 
stratum corneum with cis-li-octadecenoic acid results in a 
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Rgure 1—7?je IR spectra of porcine stratum comeum in the C-H 
stretching region. The upper trace, is the spectrum obtained following 
treatment of the sample with 0. 15 M cis- 1 1-octadecehoic acid in ethanol 
whife the lower trace is the spectrum of ah untreated sample. Both spectra 
were obtained at 25* V with samples hydrated to 30% (w/w) water 
content. . 



Table I— Summary of Spectral, Thermal, and Flu* Changes 
Following Treatment of Porcine Stratum Comeum with Fattv 
Acids of 18 Carbon Length 



Treatment 



IR 

Frequency. fl 

cm" 1 



DSC T m ,' 
°C 



. Flux of 
Salicylic Acid, 
mg-crrr 2 -*!-^ 



Octadecanoic acid \ . 2918.1 ± 0.4 

c*fr6-Odadecenblc acid 291 9.0 '± 0.4 

^s-6-Octadecenoic acid 291 9.6 ± 0:3 

CAS-90ctadecervoic acid 2920.0 ± 0.5 

trans-9-Octadecenolc acid 2919.4 ± 0.4 

cte-1 1 -Octadacenoic acid 2920. 1 ± 0.4 

trane-\ 1-Odadecenoic acid 2918.8 ±05 

Ethanol 2918.8 ± 0.4 

No treatment ... 2918.8 ± 0.4 



62.5 
60.5 
62.Q 
59.0 
61.5 
57.0 
61.0 
62.0 
62,0: 



1.0 
0.9 
0.9 
1.5 
0.9 

1.1 
1.0 
1.0 
1.0 



1:21 

0.79 

0.97 

3.81 

2.35 

5.53 

1.11 

1.31 



Value represents the average ± SEM of three samples. b Differential 
scanning calorirhetry (DSC) determination of the temperature of the 
transitions. maximum (T m ); values .represent the average ± SEM of 
three samples.. 

shift to higher frequency arid absorbance broadening for the 
U-H antisymmetric stretch peak near 2920 cm" 1 . Frequency 
changes following treatment of the stratum corneum with 
^^ifi*?* 1 ^ d isomers of octadecenoic acid are summarized 
in Table I. These data show that treatment with either cts-9- 
pr cwrll-octadecenoic acid results in a significant frequency 
increase compared with ethanol and untreated controls 
while the corresponding trans acids show relatively little 
effect. Similar results were obtained for band width measure- 
ments (data not shown), with only cis& and cis-ll-octade- 
cenoic acid treatments resulting in band width increases 
relative to controls. 

The largest frequency changes associated with fatty acid 
treataent are less tlmn the cbgital resolution of the instru- 
ment (2.7 cm" 1 ). Nevertheless^ as shown by Cameron et al 7 
the center-of-gravity technique of peak frequency determina- 
tion allows sufficient precision to easily estimate differences 
of <1.0 cm from digitized data. Purthermore, as shown in 
Table I, several conditions were repeated in triplicate, . each 
yielding a standard error of the mean (SEM) of <0.5 cm" 1 
Jhus, while small in magnitude, the frequency changes seen 
foUowing treatment of the stratum corneum with cis-9- and 
cts-ll-octadecenoic acid are real. ' 

We have previously shown that temperature-induced in- 
creases in band width and frequency of the C-H antisymmet- 
ric stretching peak are due to : transitions in stratum corneum 
lipids involving enhanced motional freedom of the hydrocar- 
bon. chains (i.e., .increased lipid fluidity). «■» Briefly, those 
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results showed that the stratum corneum IB spectrum exhib- 
ited sharp increases in band; width and frequency of the <>H 
antisymmetric stretching absorbance with increasing tem- 
perature, identical to thermally induced changes seen in a 
variety of synthetic and. biological membranes undergoing 
thermotropic lipid transitions. The results presented here 
show that treatment with fatty acids can also cause an 
increase in frequency and band width (data not shown), and 
thus, an increase in stratum corneum. lipid fluidity. The 
greatest increase in fluidity results from treatment with 
monoiinsaturated compounds, with cis isomers resulting in 
greater changes than con^ppnding trans fatty acids. 

Samples of stratum corneum: were also analyzed by the 
DSC techmque, The results shown in Fig. 2 compare the 
thermalprofile of porcine stratum corneum treated with 0.15 
M cis-11-octadecenoic acid in ethanol (up^r trace), with that 
of an untreated sample (lower trace); again, both hydrated to 
30% (w/w) water. The results show decreases in both the 
temperature of the transitions maximum (7^) and sharpness 
(ratio of peak height to width) of transitions near 65 and 
75 °C for the treated sample, In cohtrast, fatty acid treatment 
results m httle if any change 

Changes in T m of the peak near 65 °C following treatment of 
the stratum corneum with the same series; of fatty acids as 
used in the IR experiments are summarized in Table I. 
Several interesting trends emerge from these data. 

1. Treatment with the saturated octadecanoic acid re- 
. suits in no change inT m relative to the untreated and 

ethanolrtreated controls.! 

2. Introduction of e : trans olefinic bond has little or no 
effect on T m relative to controls, regardless of the 
.position of the double bond along the chain. 

3. Introduction of a cis olefinic bond both decreases the : : . 
T m and . broadens the transition (data not shown) 
relative to controls. Furthermore, for the series of 
fetty acids. stadjed here, both the decrease in T m and . 
the transition broadening mcrease with; the distance 
of the olefinic bond from the carboxyl' end of the 
molecule. Similar results were obtained for the tran- 
sition occurring near 75 °C (data not shown). In 
contrast, however, no systematic chang;e was l ob- 
served for the highest temperature peak, regardless 
of treatment (data not shown). 

We have previously proposed that for both human and 
porcine stratum comeum,*- 3 the DSC peaks near 65, 75, and 
105 °C are due to thermal transitions involving intercellular 
lipids, hpid-protein complexes, and intracellular keratin 
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Figure 2— the differential scanning calorimetry (DSC) thermal profile 
obtained for porcine stratum corneum. hydrated to 30% (w/w) water 
content. The upper trace is the thermal profile of a sample treated with 
0. 15 M cis-1 1 -octadecenoic acid, while the lower trace is the profile for the 
untreated control. 
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respectivply. Th$ lipid transitions involve decreased packing ;• 
order relative to the initial state. Furthermore, a decrease in 
T m and sharpness reflects a thermal transition starting from 
a less- ordered, more heterogeneous state In other words, the 
thermal profUe changes seen following treatment with sever- 
al cu .monoimsaturated acids suggests that incorporation of 
these compounds into stratum comeum results in decreased 
lipid order. 

A comparison of the IR and CISC results listed i Q Table I 
shows ahigh degree of correlation between these variables (r 
= 0.86; p > 0.99). llius, spectral and thermal profile changes 
are each measures of a common physical property of the 
stratum corneum. In particular, these techniques provide a 
measure of the fluidity of stratum comeum lipids: . 

The. combined IR andT DSC results suggest that certain 
exogenously applied fatty acids can disrupt stratum corneuin 
lipid structure. It is hot clear from these results, however, 
whether differences seen among the various acids are due to 
their relative oUsrupting power or simply reflect varied 
uptake of these compounds by the stratum corneum: In order 
to distinguish between these two mechanisms the mass and 
IR absorbance at 2850 cm" 1 (C-H symmetric stretching 
peak): were measured before and after fatty acid treatment. 
In a positive control experiment, stratum corneum samples 
were treated with Varying concentrations i of cis-9-octadecen- 
oic and other fatty acids. Results show that both the mass 
and absorbance (2850 cm"'): of the treated sample increased 
with increasing fatty acid concentration; In contrast, for all 
samples treated with 0,1 5 M fatty acids, both absorbance and 
mass - values remained constant, within error, and greater 
than the corresponding values obtained with ethanol treat- 
ment alone. Thus, these results suggest that differences in 
fluidity following treatment of the stratum corneum are 
primarily due to the . ability of each acid to disrupt lipid 
structural domains in this tissue. Since stratum corneum 
lipids contain a large amount of free and esterified long chain 
fatty acids, 8 it is not surprising that the fatty acids contain- 
ing 18 Carbon atoms length should partition into this domain. 

Similar fluidizing effects have been observed for erythro- 
cyte, 916 synaptic, 11 liver, 12 and adipocyte 13 plasma mem- 
branes following incubation in ethanol solutions of cw-11- 
octadecenoic acid. For example, results of electron 
paramagnetic resonance show that while treatment with 1 
mM cis-octadecenoic acid caused an increase in membrane 
fluidity of synaptic plasma membranes, the corresponding 
trans isomer and octadecenoic acid had. ho effect. 11 In the 
most comprehensive study, 3 the activity of adenylate cyclase, 
a membranerbound. enzyme, was measured iii erythrocytes 
following treatment with a series of fatty acids including 
those tested here.. Results showed that enzyme activity 
increased following treatment with cis monounsaturated 
acids, but was unaffected by treatment with the correspond-: 
ing trans isomers or octadecanoic acid. Furthermore, the 
order of enzyme activation for the cis acids was cis- II- ^ cis- 
9->> ciS'6-octadecenoic. Since adenylate cyclase activity 
increases with decreasing membrane microviscosity, the ref 
suits show the differential fluidizing effect of these fatty 
acids. 

As reviewed by Small, 1 . 4 saturated and cis monounsaturat- 
ed fatty acids have very different lipid packing properties due 
to a "kink" in the cis alkenyl chain. In contrast, cis polyun- 
saturated acids, like cis-9,12-octadecadienoic and cis-9, 12,15- 
octadecatrienoic, have packing properties similar to those of 
saturated octadecanoic acid, In agreement with this observa- 
tion, DSC and IR results (data hot shown) show that the 
membrane fluidizing properties of cw-9,12-octadecedihoic 
and cis-9,12,15-octadecetrinoic acids are similar to those of 
octadecanoic acid. Similarly, octadecanoic and cw-9,12rdcta- 
decedinoic acids had little fluidizing effect on erythrocyte 



plasma membranes, in contrast to cis-9- and ci$-HK>ctade- 
cenpic acids.^ These results suggest that the incorporation of 
a cis mohounsaturated acid into the primarily saturatedpliJte 
domain of stratum corneum. lipids causes increased ^fluidity 
due to differences in lipid packing. . 

The flux of salicylic acid through porcine stratum corneum 
was measured from saturated ethanol solutions in the pres-. 
ence of each fatty acid^ The : results sxunmarized in Table I 
show that significant, enhancement of salicylic acid flux is 
only achieved with cis-9- and cis-il-octadecenoic acid. In 
addition, with the exception of cis-6- and ^>Wr6-octadecen- 
oic acids, which show no enhancement relative to the etha- 
nol-treated control,; greater flux is achieved with the cis 
versus the corresponding trans isomer. Finally, the flux of 
salicylic acid increases with : increasing distance of the : cis 
olefinic bond from the carbpxyl end of the co-applied fatty, 
acid. Cooper and cc- Workers noted: a similar increase in 
salicylic acid flux with cis-9- and cw-H-o£tadecenoic acids 
under conditions very similar, to ours;* 4 Their .results also 
showed greater enhancement with cw-ll-octadecenoic than 
cis- 9-octadecenoic acid. SimUarly, c& T 9-octadecenqic acid has 
been shown: to be an effective" penetration enhancer for 
flurbiprofen 5 and betamethasone 17-benzoate. 6 V 

A comparison of the results shown in Table I shows a 
strong correlation between JCR and DSG : measurements of 
lipid order and the flux of salicylic : acid under similar 
experimental conditions. : Figs. 3a and 3b show plots - of 
frequency or versus flux, respectively, with the straight 
line in each plot representing the best linear fit to the data; 
The correlation coefficient obtained: ;for the linear fit of . 
frequency (r ■'= 0:87) or: t m (r - 0.89) versus flux are both 
statistically significant (p > 0.99). Thus, these results sug- 
gest that the transdermal flux of salicylic acid , is ultimately 
related to packing in the intercellular lipid domains of the 
stratum corneum; The same hypothesis has been used to 
explain hydratibri-ihduced increases in flux. 2 In addition, a 
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Figure 3— -<A) The data of Table 1 plotted as the frequency of the C^H 
antisymmetric stretching peak of stratum comeumversus the transdermal 
flux of salicylic add through porcine skin. The straight line represents the 
best linear fit. to the data. (6) The data of Table I plotted as the 
temperature of the transitions maximum (T m ) for the stratum corneum 
thermal transition near 65 °C versus transdermal flux of salicylic acid. The 
straight line represents the best linear fit fo the data. 
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similar correlation :.betwften : :; water permeability and lipid 
order hito--beiGm , n6tedior -a/viteiety of phosphblipid vesicles; 15 
: While the ability of cis niohdnunsaturated acids to disrupt 
stratum corrieum lipid structure and enhance transdermal 
flux can be explained by tieir "Mnked? nature, this hypothe- 
sis does hot explain increased fluidity and flux with increas- 
ing distance of the olefinic bond from the carboxyl group. 
Insight into this positional variation can be;derived from the 
results Of a systematic investigation', of -tihe effect of cis- 
positional : isomers of octadecenoic acid on the fluidity of 
synthetic and biological phospholipid membranes. 16 These 
results showed that maximum fluidity was achieved for 

cis olefinic bond 



in 



similar between phospholipids- and the cbrrespohdiiig fatty 
acids; it is reliable to expect that maximutn disruption of 
: .si(^atumT.cbrn'euni barrier lipids majr/sumlariy result from 
incorporation of monouhsaturated acids with olefinic bonds 
near the center of the lipid bilayer. ■•/ 

Conclusions -; 

While the use of fatty acids as penetration enhancers has 
been previously, reported, the : present investigation is :the 
firtt to support a molecular mechanism • by ; wrbich .= these 
agents might act In particular, due to the large cohceutira- 
tipn of free and esterified fatty acids, in stralxun <»ntteuip ; 
lipids, exogehous acids of similar length are lively to parti- 
tion into this barrier : domjain. .foce m^rporated; cis octade- 
cenoic acids with .the olefinic: bond near the center of : tne 
alkenyl chain will disrupt stratum corheiun lipid packing 
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and, whence, decrease diffusional resistance to pefineants: 




properties sinnlar enough tb stratum JCbrneum lipids to allow : 
significant partitioning into this domain, yet dissimilar 
enough to maximally disrupt lipid packing. 
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Summary 

Human skin permeation of naloxone was examined in vitro using various vehicles and penetration enhancers. To screen various 
chemicals as penetration enhancers propylene glycol containing 10% adjuvant was used. Fatty acids and fatty alcohols were very 
effective promoters of naloxone flux. In both the acid and alcohol scries, maximum flux was with C J2 adjuvants, and for C 1|( acids 
and alcohols unsaturated adjuvants were more effective than saturated ones. Other effective skin penetration enhancers included 
some non-ionic and calionic surfactants, decylmethylsulfoxidc, Azone, and N-alkylpyrrolidones. Laurie acid and liiuryl alcohol in 
isopropanol, polyethylene glycol 400, and mineral oil vehicles were not as effective in promoting naloxone skin penetration as when 
dissolved in propylene glycol. Sodium laury! sulfate in propylene glycol slightly increased flux, but a much greater effect was 
observed using a mineral oil vehicle. Concentration/enhancement profiles were determined for lauric acid and lauryl alcohol. Skin 
penetration enhancing effects are, to some extent, specific and dependent on the drug, vehicle, enhancer concentration and probably 
other factors. Possible mechanisms of altering skin permeability are discussed. 



Introduction 

The major advantages that transdermal drug 
delivery can offer are: (1) avoidance of first-pass 
metabolism often associated with oral dosing; and 
(2) sustained and more constant plasma con- 
centrations of the drug. The 3-hydroxymorphinan 
and hydroxybenzomorphan opioid analgesics and 
antagonists as a class have poor oral bioavailabil- 
ity, due to a high first-pass metabolism effect. 
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These drugs also generally have short elimination 
half-lives, and 4-5 h durations of action. Because 
of these problems, they are logical candidates for 
transdermal delivery. 

Naloxone-HCl (Narcan, DuPont Pharmaceuti- 
cals) is a potent opioid antagonist. It is presently 
available in 0.4 mg unit doses for injection, and is 
used for reversal of narcosis. The terminal half-life 
of naloxone after i.v. injection in normal volun- 
teers was reported to be 64 min (Ngai et a!., 1976) 
and 151 min (Aitkenhead et ah, 1984) in two 
separate studies. Because of this short half-life, it 
has been suggested that infusion may be preferred 
in some cases of narcosis (Bradberry and Raebel, 
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1981; Gourlay and Coulthard, 1983). In addition, 
recently naloxone has been shown to have other 
potential applications. Naloxone has shown be- 
neficial effects in treatment of cardiovascular 
shock (McNicholas and Martin, 1984), chronic 
idiopathic constipation (Kreek et al., 1983), senile 
dementia of the Alzheimer's type (Reisberg et al., 
1983a and b), and for appetite suppression (Atkin- 
son, 1982). A regimen of frequent injections would 
not be acceptable for these uses, and transdermal 
delivery might be more appropriate. In addition, it 
has been reported that topical naloxone has anti- 
pruritic effects (Bernstein et al., 1982). 

Human skin permeability of naloxone was ex- 
amined. In order to maximize naloxone delivery 
through skin, penetration enhancers were evalu- 
ated. The agents studied include various types of 
chemicals, some of which are known to enhance 
skin penetration of other drugs. The primary ob- 
jective of the work presented here was to identify 
agents which increase naloxone skin permeability. 
In addition, however, the data that were obtained 
provide some insight on the selectivity of certain 
penetration enhancers, and to some extent rela- 
tionships between structure and penetration en- 
hancing effect were developed. Although there are 
many papers reporting the effects of one or several 
penetration enhancers, relative comparisons of 
various classes of enhancers and within a homolo- 
gous series, as we have done, are much less fre- 
quent. The more practical aspects of developing a 
transdermal delivery system, including the toxicol- 
ogy of these adjuvants, will be given separate 
consideration. 



Materials and Methods 

Skin penetration 

Naloxone diffusion rates through human ca- 
daver skin were measured using Franz diffusion 
cells (Crown Glass). The reservoir volume was 7-9 
ml and was maintained at 37 °C with a water 
jacket or dry block heater. The reservoir contained 
saline (0.9%) and was stirred with a bar magnet. 
Sink conditions were maintained by removing the 
entire reservoir volume and replacing with drug- 



free saline. The skin surface area available for 
diffusion was 1.8 cm 2 . The volume of vehicle 
applied was generally 0.5 ml, except for semisolid 
drug donors, for which an unmeasured amount 
was spread onto the skin. The donor chamber was 
closed to the atmosphere with parafilm or a rubber 
stopper. 

Human cadaver skin was obtained from a local 
hospital. The thickness of these specimens was 0.4 
mm, which based on average skin layer thickness 
includes the stratum comeum, the epidermis, and 
part of the dermis. Skin was stored at -20°C 
indefinitely. The average age of the donors was 43 
years with a standard deviation of 19 years and a 
range of 16 to 72 years. .18% of the donors were 
female and 15% were black. Vehicles and skin 
specimens were randomly matched, with the ex- 
ception that any vehicle-specimen combination 
was used only once. Prior to use, each skin speci- 
men was visually inspected for integrity. 

Naloxone concentrations in the reservoir were 
determined by HPLC, using UV detection at 284 
nm, and a 25 cm X 4.5 mm octylsilane column 
(Zorbax C 8 , DuPont). The mobile phase was 
acetonitrile/tetrahydrofuran/0.05 M phosphate 
buffer (10 : 0.8 : 89.2). The amount of drug 
penetrating through skin during any time interval 
was calculated as the sample concentration multi- 
plied by the reservoir volume. Individual plots of 
cumulative amount penetrating versus time were 
made, and from the slope of the linear portion of 
such plots naloxone steady-state flux was calcu- 
lated. There were at least 3 experiments per group. 
All data are expressed as mean ± S.E. 

Vehicles 

In the initial experiments, the effects of various 
agents on naloxone skin penetration were exam- 
ined. For these experiments, vehicles were pre- 
pared by dissolving the adjuvants in propylene 
glycol (Fisher Scientific). Propylene glycol was 
selected so that both hydrophilic and hydrophobic 
adjuvants could be dissolved. The arbitrary con- 
centration of adjuvant was 10% (w/v or v/v), 
however, not every adjuvant was completely dis- 
solved at this concentration. The adjuvants and 
their sources are presented in the Results section. 
Naloxone base was added to the adjuvant/pro 
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pylene glycol vehicle in amounts in excess of its 
solubility. This maximized the thermodynamic ac- 
tivity of naloxone in the vehicle, since the objec- 
tive was to maximize naloxone flux through skin. 

Laurie acid, lauryl alcohol, and sodium lauryl 
sulfate were also tested in isopropanol (Fisher), 
polyethylene glycol 400 (Fisher), and mineral oil 
(Nujol, Plough) vehicles. In addition, Iauric acid/ 
isopropyl myristate vehicles were examined. The 
concentration of adjuvant was 10% (w/v) and 
naloxone was added as a suspension. Propylene 
glycol vehicles containing various concentrations 
of lauric acid or lauryl alcohol were also prepared 
and naloxone added in excess of its solubility. 

Solubility determinations 

Naloxone base solubility was determined for 
some of the vehicles tested. Vehicles were pre- 
pared and naloxone was added and the suspen- 
sions stirred for at least 20 h at room temperature 
(22-24°). Suspensions were centrifuged and the 
supernatant removed and filtered through glass 
wool packed into a transfer pipette. These solu- 
tions were diluted with 0.1 N HC1 and assayed by 
HPLC as previously described. 

Partition coefficient 

Naloxone partitioning between propylene gly- 
col or 10% lauric acid in propylene glycol and 
isopropyl myristate was determined. Lauric acid 
was dissolved in propylene glycol and naloxone 
was added in excess of its solubility. The suspen- 
sion was then mixed with an equal volume of 
isopropyl myristate (Eastman Kodak) and tum- 
bled at room temperature for 24 h. After cenlrifu- 
gation both phases were filtered and aliquots di- 
luted with 0.1 N HQ and assayed by HPLC. 



Results 

Effects of various adjuvants 

Naloxone skin penetration rates were deter- 
mined using propylene glycol vehicles containing 
various potential absorption promoters at a con- 
centration of 10% (w/v or v/v). An example of 
the effects of enhanced skin penetration is il- 
lustrated in Fig. 1, which shows average data using 
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HOURS 

Fig. I. Representative averaged profiles for naloxone diffusion 
through human skin using propylene glycol (•) or myristic 
acid/propylene glycol (O) vehicles. 
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Fig. 2. Dependence of naloxone flux on chain length of fatty 
acid (A) or fatty alcohol (B) adjuvants (10% in propylene 
glycol). 
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TABLE 1 










EFFECTS OF VARIOUS ADJUVANTS (10% IN PROPYLENE GLYCOL) ON NALOXONE FLUX THROUGH HUMAN 


I- 

% 


CADAVER SKIN 








|: 


Adjuvant a 


Supplier 


Naloxone flux b 


Number of 


I 




- 


0% 

(tig/cm h) 


experiments 


1 


None 




L6± 0.4 


10 


' I- 


(A) Non-ionics 






) . 


W 
:•: : ■ 


Caprylic alcohol 


Fisher 


24.8 ± 2.6 


3 


1 


Decyl alcohol 


Sigma 


45.3 ± 16.9 


3 


'■■' : t 


Luuryl alcohol 


Pfaltz and Bauer 


45.8 ± 2.4 


3 


i 


2-Laury] alcohol 


Pfaltz and Bauer 


43.9 ± 9.4 


3 


>$ • 
•<•>. 


Myristyl alcohol 


Sigma 


17.7 ± 1.8 


3 




Cetyl alcohol c 


Sigma 


7.5 ± 1.2 


3 




Stcaryl alcohol c 


Sigma 


. 5.2+ 1.7 


3 


. - # 
•ft-: . 


Olcyl alcohol 


Sigma 


25.0 ± 8.5 


3 


;• t 


Linoleyl alcohol 


Sigma 


69.9 ± 28.0 


4 


i: 


Linolenyl alcohol 


Sigma 


116.3 ±64.2 


4 


: i' 


Propylene glycol Iaurate 


Pfaltz and Bauer 


43.8 ± 5.5 


3 


:. 


Sorbitan Iaurate d 


Span 20, Sigma 


27.9 ± 4.6 


3 


■ U: 


Polysorbate 20 


Tween 20, Sigma 


1.5 ± 0.4 


3 


■ ■ fy 


Laureth 4 


Brij 30, Sigma 


34.5 ± 8.3 


3 


■ 1 

• m 


Laureth 23 


Brij 35, Sigma 


1.5 ± 0.6 


3 


| 


PEG-4 Iaurate 


PEG 200 Monolaurate, Emery 


1 t O i to 

11.8 ± 1.8 


3 


>x. 


PFG-4 dilaurate d 


PFG 200 Dilaurate Emerv 




j 




f»|\/f'*»rv1 Innrntp 


Cionia 


23 4 + 16 

_X »».vl 


3 


• 1 


Glvcervl dilaurate 


S ten an 


18 7 + 18 


3 


. 1 


Hiliiiinwl l#»f*itHtYi 

L-SllllUl Vji 11X1(1 


Avanti 

/» v anil 


8 2+ 21 


3 


■•■ 1 

:•>: 




Snan 80 Siema 


99 4- 11 


3 


'■ 1 


Sorbitan trioleate ^ 


Snan 85 Sic ma 


14 3 + 4 6 


3 


• f 


Oleth-20 

wit lit +~\J 


Brii 99 Sienia 


16+ 07 


3 


1 


Glvcervl oleate ll 


Stcnan 


20 7 + 2 0 


3 




Dilaurovl lecithin 

L/MUUl vjl IVWU 1111 


Avanti 


14 1 + 4 5 


3 




Poloxanicr 188 c 


Pluronic F68 Rueer 


42 + 2 3 


4 


f 


Pol ox a me r 401 c 


Pluronic L121 BASF 


5 8+ 09 


3 








32 0 + 3 9 


3 


. t 


Anionics 










Heptanoic add (7 : 0) 


Cclanese 


46.2 ± 17.8 


4 




Caprylic acid (8 : 0) 


Sigma 


34.3 ± 10.0 


3 


>; 


Pelargonic acid (9 : 0) 


Celanese 


201.9 ± 65.4 


3 




Capricacid (10:0) 


Sigma 


187.9 ± 67.5 


4 




Undecylenic add (11 : 1 410 ) 


Fluka 


115.1 + 4.5 


3 




Laurie acid (12:0) 


Sigma . 


11 C 1 I Ifl A 

235.2 ± 29.9 


3 




Myristic add (14 : 0) 


Emery 


78.1 ± 2.4 


3 




Palmitic acid (16:0) c 


Sigma 


27.8 ± 9.4 


3 


« ■ 


Stearic add (18:0) r 


Ruger 


21.8 ± 5.6 


3 




Oldcadd (18 :1 49 ) 


Emery 


35.6+ 9.8 


3 


■ 


Linolenicadd (18:2 49 * n ) 


Sigma 


103.0 + 14.1 


3 


y", 
•!•!' 


Linolenic acid (18: 3** MS ) 


Sigma 


93.8 + 14.7 


3 


;. 


Arachidonic acid (20 : 4 45AlU4 ) 


Sigma 


47.8 ± 12.0 


3 


f 


Sodium Iaurate 


Sigma 


7.3 ± 0.8 


3 




Sodium lauryl sulfate 


Sigma 


4.6 ± 0.9 


3 


1. 


Sodium oleate 


Aldrich 


3.8 ± 0.5 


3 




Dodecanedioic add d 


DuPont 


2.0 ± 0.4 


3 




Tra/tf-dodccenedioic acid d 


Traumatic acid, Sigma 


7.4 ± 2.4 


3 
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TABLE 1 (continued) 



Adjuvant a 


Supplier 


Naloxone flux b 
(ug/cm 2 • h) 


Number of 
experiments 


Retanoi'c acid d 


Sigma 


7.4 ± 2.9 


4 


Lauroyl sarcosinc 


Hampshire 


7.2 ± 3.0 


3 


IK-/ tOllHrHM 










Pit lira 




J 


O icui y J411111 ■ it 






4 


fZ?) Amphoterics 








Lauroamphoglycinate 


Mona 


5.2 ± 0.2 


3 


Lauroamidopropylbctainc 


Mona 


5.8 ± 1.5 


3 


(E) Sulfoxides 


;' 

•' 






Dimethylsu If oxide 


Sigma 


1.7 db 0.9 


3 


Decyl methylsul f oxide 


Waterec 


49.2 ± 19.8 


5 


Amides 








Urea 


Fisher 


0.4 ± 0.1 


3 


Dlmethylacelamide 


Fisher 


2.0 ± 0.3 


3 


Diethyl toluamide 


Sigma 


8.6 ± 2.9 


3 


1 - Dodccy lazocy Ioheptan-2-one 


Azone, Nelson 


25.2 ± 5.4 


3 


N- Methylpyrrolidone 


GAF 


1.8 ± 0.3 


3 


N-Hydroxyethyrpyrrolidone 


GAF 


1.8 ± 0.1 


3 


N-Cyclohexylpyrrolidone 


GAF 


3.4 ± 1.4 


3 


N -Dime t hy 1 am inopropy lpy r rolid one 


GAF 


3.9 ± 2.0 


3 


N-Cocoalkylpy rroti done 


GAF 


55.2 ± 12.2 


4 


N-Tallowalkylpyrrolidone 


GAF 


38.4 ± 2.9 


3 



0 CTFA adopted name if applicable. 
b Mean + S.E. 
c Semisolid vehicle. 
Adjuvant not completely soluble/misciblc at 10% concentration. 



propylene glycol and propylene glycol/myristic 
acid vehicles. In this example, naloxone flux was 
increased 48-fold in the presence of myristic acid. 

Fatty acids and fatty alcohols were among uic 
most potent agents in increasing naloxone skin 
penetration. Within both the acid and alcohol 
series, the magnitude of enhancement was related 
to the chain length of the hydrophobic group (Fig. 
2). The maximum naloxone flux was with the C 12 
acid and alcohol. The enhancing effects of 
unsaturated C lg acids and alcohols were also 
examined. Increasing the number of double bonds 
generally resulted in greater enhancement of 
naloxone skin penetration (Fig. 3). Based on these 
results, the other adjuvants selected for evaluation 
were predominantly those containing laurate or 
oleate hydrophobic groups. 

Table 1 summarizes the effects of the various 
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Fig. 3. Effects of saturated and os-unsaturated C, 8 fatty 
alcohols (closed bars) and fatty acids (open bars) on naloxone 
skin penetration. The adjuvants were dissolved in propylene 
glycol at a concentration of 10%. 
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adjuvants tested. Although fatty acids were very 
effective penetration enhancers, the sodium salts, 
sodium laurate, sodium oleate, and sodium JauryJ 
sulfate had minimal effects on naloxone skin 
penetration. The C 12 diacids, dodecanedioic acid 
(saturated) and /ra/tf-dodecenedioic acid (un- 
saturated), also did not appreciably increase 
naloxone flux. 

The ester and ether non-ionic surfactants were 
generally less effective than fatty acids in enhanc- 
ing naloxone skin penetration. Naloxone flux was 
plotted versus the hydrophil-lipophil balance 
(HLB) value for the non-ionic and anionic surfac- 
tants with laurate hydrophobic groups (Fig. 4). A 
trend was clearly apparent for surfactants with 
low HLB values (e.g. more hydrophobic) to have 
greater effects on naloxone skin penetration. How- 
ever, there was not a general relationship for all 
surfactants between HLB value and naloxone flux. 
For example, Poloxamer 188 (HLB « 29.0) and 
Poloxarner 401 (HLB = 0.5) had similar effects on 
naloxone flux. 

The two amphoteric surfactants tested only 
slightly increased naloxone flux. The two cationic 
surfactants examined, both of which are known 
skin irritants, increased flux significantly. 
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Fig. 4. Naloxone flux as a function of ihe hydrophil-iipophtl 
balance (HLB) value of the adjuvant, for adjuvants with laurate 
hydrophobic groups. The adjuvant concentration in propylene 
glycol was 10%. 



A number of sulfoxides and amides known to 
act as skin penetration enhancers were also 
evaluated. Decylmethylsulf oxide was a very effec- 
tive skin penetration enhancer for naloxone, 
whereas dimethylsulf oxide was not. Urea and di- 
methylacetamide had no effects on naloxone flux. 
Diethyltoluamide increased flux slightly. Gener- 
ally, solvents like DMSO and DMA must be at 
higher concentrations to influence skin permeabil- 
ity. Azone increased flux approximately 15-fold. 
The effects of the pyrrolidones were dependent on 
the substituent group on the nitrogen atom. Al- 
though N-methylpyrrolidone (NMP) has been fre- 
quently used as a skin penetration enhancer (e.g. 
Akhter and Barry, 1985), naloxone flux was unaf- 
fected by 10% NMP. Higher concentrations of 
NMP did, however, increase naloxone penetration 
(data not shown). The most effective pyrrolidone 
skin penetration enhancers tested had cocoalkyl 1 
and tallowalkyl 2 hydrophobic groups. To the best 
of our knowledge, these agents have not been 
previously used to promote percutaneous absorp- 
tion. The relationship between flux and the hydro- 
phobic group of the enhancer is consistent with 
results for the other classes of compounds. That is 
that C l2 and C l8 unsaturated hydrophobic tails 
maximize penetration enhancement. 

Influence of vehicle 

The penetration enhancing effects of 1 auric acid, 
lauryl alcohol, and sodium lauryi sulfate were also 
examined using vehicles other than propylene gly- 
col. Results are summarized in Table 2. In the 
absence of a penetration enhancer, naloxone flux 
was similar using propylene glycol, PEG400, or 
mineral oil as the vehicle. This would be expected 
when: (1) the thermodynamic activity of the drug 
is the same in each vehicle (saturated solution); 
and (2) the vehicles do not alter the barrier prop- 
erties of skin (Higuchi, 1960). Naloxone flux val- 
ues from saturated solutions of isopropanol and 
isopropyl myristate were significantly higher than 
with the other vehicles. It could thus be inferred 



1 Approximate composition: C 8 — 5%, C lo = 10%, Ci 2 — 59%, 
. C 14 = 17%, C lfl « 9% (GAF product literature). 

2 Approximate composition: C l8sau+Uftsal ~ 62%, C 1(1S0I .= 34%, 
lower alkyl — 4% (GAF product literature). 
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TA BLE 2 

£j?FECTS OF LAURIC ACID, LAURYL ALCOHOL, AND SODIUM LAURYL SULFATE ON NALOXONE SKIN 
PENETRATION USING VARIOUS VEHICLES CONTAINING 1056 ADJUVANT AND NALOXONE IN EXCESS OF 
sA TU RATED SOLUBILITY 



Vehicle 




Naloxone flux (/Ag/cm 2 • h) 








Adjuvant: 


None 


Laurie acid 


Lauryl alcohol 


Na lauryl sulfate 


propylene glycol 

Isopropanol 
PEG 400 

Mineral oil 
Isopropyl myristate 




1.6 ±0.4 
16.6 ± 4.7 

1.8 ±0.6 
1.3 ±0.3 

7.7 ± 0.1 


235.2 ± 29.9 
160.6 ± 60.0 
46.1 ± 25.3 
18.8 ± 6.4 
20.0+ 3.0 


45.8 ± 2.4 
28.4 ±11.8 
12.2 ± 5.4 
il.I ± 2.7 


4.6 ± 0.9 
31.5 ± 19.8 

1.6 ± 0.5 
42.4 ± 32.3 



that isopropanol and isopropyl myristate increased 
skin permeability. Isopropanol (Coldman et al., 
1969) and isopropyl myristate (Bronaugh et al., 
1981) were previously shown to increase skin per- 
meability to other solutes. 

The addition of 10% lauric acid or lauryl al- 
cohol to each of the four vehicles increased nalo- 
xone flux, but the greatest increases were with 
propylene glycol. In propylene glycol and isopro- 
panol, sodium lauryl sulfate approximately dou- 
bled naloxone flux, and had no effect when dis- 
solved in PEG400. However, in a mineral oil 
vehicle, sodium lauryl sulfate had a more signifi- 
cant effect on naloxone flux. From these results, it 
is apparent that the effects of penetration 
enhancers are dependent on the vehicle. 




10 20 30 40 50 60 70 80 90 100 
% LAURIC ACID OR LAURYL ALCOHOL 

Fig. 5. Concentration dependence of the effects of lauric acid 
(O) and lauryl alcohol (O) on naloxone skin penetration, using 
propylene glycol as the solvent. 



Concentration / effect relaiionsh ips 

Naloxone skin penetration was evaluated as a 
function of lauric acid or lauryl alcohol concentra- 
tion, using various penetration enhancer/pro- 
pylene glycol concentrations. These results are 
illustrated in Fig. 5. 1% lauric acid only slightly 
increased naloxone flux, relative to the propylene 
glycol control, but with further increases to 2;5% 
and 5% concentrations, flux increased tremen- 
dously. Maximum flux was observed using 20% 
lauric acid. The most effective lauryl alcohol con- 
centration was 5%. Higher adjuvant concentra- 
tions decreased flux, possibly due to a reduction 
of the skin/vehicle partition coefficient of nalo- 
xone. 

Partition coefficients 

The solubility of naloxone base in lauric acid/ 




0 0.5 1.0 1.5 2.0 2.5 
LAURIC ACID CONCENTRATION (M) 



Fig. 6. Effect of lauric acid concentration in propylene glycol 
on naloxone base solubility. 
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propylene glycol vehicles was proportional to the 
concentration of lauric acid (Fig. 6). It seemed 
possible that naloxone base solubilization by lauric 
acid could be due to the formation of a charge 
transfer complex. This could contribute to the 
increased naloxone skin penetration if the com- 
plex had a higher skin/vehicle partition coeffi- 
cient (K p ) than free naloxone. Increased naloxone 
solubility could have also been due to micelle 
formation. Fatty alcohols had only minor effects 
on naloxone solubility. To examine whether in- 
creased naloxone flux might have been due to 
formation of a complex with a higher K p , the 
effect of lauric acid on naloxone K p was de- 
termined. The K p for isopropyl myristate/pro- 
pylene glycol was 0.17, and that for isopropyl 
myristate/10% lauric acid in propylene glycol was 
0.15. 



Discussion 

Naloxone skin penetration rates were de- 
termined using various vehicles, and in the pres- 
ence of numerous adjuvants which were consid- 
ered potential skin penetration enhancers. Some 
of these agents markedly increased naloxone flux, 
while others had little or no effects. This prompts 
questioning: (a) the mechanisms of enhancement; 
and (b) whether skin penetration promoting ef- 
fects are selective for certain drugs. 

Specificity can be addressed by examining the 
literature on these skin penetration enhancers, 
where different diffusing solutes were studied. 
Maximum naloxone flux was observed using fatty 
acid or fatty alcohol/propylene glycol vehicles. In 
the saturated fatty acid and alcohol series, the 
most effective penetration enhancers had 12 
carbon atoms. Unsaturated C I8 acids and alcohols 
were more effective enhancers than the corre- 
sponding saturated acid or alcohol. Oleic acid and 
oleyl alcohol (0.1 M in propylene glycol) have 
been used previously to increase the human skin 
penetration of salicylic acid (Cooper, 1984) and 
acyclovir (Cooper et al., 1985). Similarly, oleic 
acid (5% in propylene glycol) increased the 
penetration of both mannitol and hydrocortisone 
(Bennett and Barry, 1985). However, neither lauric 




acid or capric acid (0.1 M in propylene glycol) had 
much effect on salicylic acid skin penetration (Co- 
oper, 1984). Metronidazole and estradiol penetra- 
tion from vehicles containing equal parts of pro- 
pylene glycol and a Cg_ 18 fatty alcohol was de- 
termined in another study (Mollgaard and Hoel- 
gaard, 1983). Metronidazole penetration was hot 
significantly affected by any of the fatty alcohols, 
but estradiol penetration was promoted by palmi- 
tyl and stearyl alcohols. C M4 alcohols did not 
increase estradiol penetration. Collectively, these 
reports suggest some measure of selectivity for 
fatty acid and fatty alcohol skin penetration 
enhancers. 

Several agents known to. be skin penetration 
enhancers had minor- or no effect on naloxone 
skin permeability when dissolved in propylene 
glycol These include sodium Jauryl sulfate, sodium 
laurate, N-methylpyrrolidone and dimethylacet- 
amide. Cooper (1982) reported that sodium lauryl 
sulfate increased the skin penetration of urea and 
pentanol 8300-fold and 7-fold, respectively. The 
effects of other enhancers, including, for example, 
PEG10 laurate (Walters et al., 1984) and 2-pyr- 
rolidone (Southwell and Barry, 1983) are also ap- 
parently greater for polar solutes than for non- 
polar solutes. Additional confounding variables in 
comparing these studies, however, are differences 
in the vehicle and adjuvant concentrations, both 
of which can significantly influence the effective- 
ness of a skin penetration enhancer, as we have 
demonstrated. 

A number of mechanisms for promotion of 
skin permeability can be proposed. These include: 
increasing drug solubility in skin; dissolving skin 
lipids; altering the conformation or denaturing 
skin proteins, e.g. keratin; disruption of water 
structure in skin; and increasing membrane fluid- 
ity. 

These are not necessarily separate actions, since 
several of these effects may be operative in con- 
cert. For example, Scheuplein (1970) has proposed 
that organic solvents extract lipids, thus creating 
holes; but that this also results in a loss of water 
binding capacity. He further suggested that hydro- 
gen-bonding solvents, like dimethy {sulfoxide, dis- 
place structured water in the membrane, and that 
anionic surfactants disrupt protein structure, which 
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also results in a loss of water binding capacity. 
Akerman et al. (1979) also proposed that aliphatic 
and cyclic amides, including dimethylacetamide 
and N-methylpyrrqlidone, displace bound stratum 
corneum water and thus increased the penetration 
of lidocaine. Cyclic amides with a hydrophobic 
tail (e.g. N-alkylpyrrolidones and Azone) probably 
have additional effects on other membrane com- 
ponents, acting as surfactants as well as solvents. 
It was recently reported that Azone treatment of 
human stratum corneum was associated with re- 
moval of lipids, as indicated by differential scan- 
ning calorimetry (Goodman and Barry, 1985). 

Initially we suspected that tatty acids might 
promote naloxone skin penetration by increasing 
its solubility in skin (partitioning into skin). Fatty 
acids increased naloxone solubility in propylene 
glycol, possibly by complexation. However, the 
isopropyl myristate/propylene glycol partition 
coefficient of naloxone was not increased in the 
presence of lauric acid. Fatty acids and fatty 
alcohols apparently increase flux by altering the 
diffusion coefficient rather than K . The mecha- 
nisms of effect of fatty acids and fatty alcohols on 
skin permeability is not known. 

One intriguing aspect of this study is that maxi- 
mum skin penetration enhancement was observed 
with C 12 saturated hydrophobic groups, and that 
agents with unsaturated groups were more effec- 
tive than saturated ones. This relationship had not 
been previously described for fatty acids and al- 
cohols affecting skin. However, similar phenom- 
ena have been described for other enhancers or 
membranes. In the alkyl methyl sulfoxide series, 
C I0 MSO was a more effective enhancer of nico- 
tinic acid skin penetration than DMSO, C 6 MSO, 
C 12 MSO, or C 14 MSO (Sekura and Scala, 1972). 
For a series of polyethylene alkyl ethers, maxi- 
mum effects were seen with dodecyl hydrophobic 
groups for hemolysis of red blood cells (Zaslavsky 
et al., 1978), absorption of paraquat through the 
gastric mucosal membrane (Walters et al, 1981), 
and methyl nicotinate flux through hairless mouse 
skin (Walters and Olejnik, 1983). Oleyl ethers 
were more effective than stearyl ethers. N-al- 
kylpyrrolidones also appeared to exhibit this rela- 
tionship in promoting naloxone skin permeation. 

At least two hypotheses have been proposed to 



233 



explain why C 12 hydrophobic groups have maxi- 
mum effects on membranes. Florence et al. (1984) 
suggested that increasing the carbon chain length 
within a homologous series increases the lipo- 
philic! ty, but decreases the critical micelle con- 
centration. C 12 hydrophobic groups have the 
greatest membrane penetration because of an opti- 
mal balance of partition coefficient and monomer 
concentration. Another theory was proposed by 
Dominguez et al. (1977). They suggested that 
surfactants do not necessarily adopt a linear struc- 
ture in skin, but rather form a coiled, "open- 
cyclohexane" structure. The molecular size of the 
surfactants forming these "open-cyclohexane" 
structures was postulated to be minimum when 
the hydrophobic chain is C 12 . Minimizing molecu- 
lar size favors increased membrane penetration. 

It is also known that lipids of like structures 
pack tightly together, but mixtures of long and 
short chain lipids, or saturated and unsaturated 
lipids, form loosely organized structures (Small, 
1984). The most abundant stratum corneum lipids 
are free fatty acids, triglycerides, cholesterol, and 
ceramides. The majority of these lipids, including 
the free fatty acids, have 16 or more carbon atom 
hydrophobic groups (Elias, 1983). One could hy- 
pothesize, therefore, that the introduction of 
shorter fatty acid chains disrupts the crystalline 
lipid packing and results in a more fluid and 
permeable membrane. 

In conclusion, agents to increase naloxone 
penetration through human skin have been identi- 
fied. Generally, penetration enhancing effects are 
via alteration of the normal skin structure and 
could be expected to be associated with an in- 
flammatory response. The next step in applying 
this information to practice, for transdermal* or 
topical naloxone administration, is to optimize the 
penetration enhancement while minimizing skin 
irritation. 
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MODE OF ACTION OF PENETRATION ENHANCERS IN HUMAN SKIN 
B.W. Barry 

Postgraduate School of Studies in Pharmacy, University of Bradford, Bradford, BD7 1DP WestYorkshire (Great Britain) 



Skin penetration enhancers are molecules which reversibly remove the barrier resistance of the 
stratum corneum. They allow drugs to penetrate more readily to the viable tissues and thus enter 
the systemic circulation. This paper presents a general theory for enhancer activity based on 
possible alterations at the molecular level of the stratum corneum. Within the intercellular route, 
accelerants may interact at the polar head groups of the lipids, within aqueous regions between 
lipid head groups, and between the hydrophobic tails of the bilayer. Within the corneocyte the 
keratin fibrils and their associated water provide the target. High concentrations of solvents may 
also alter partitioning phenomena. The theory has been applied specifically to water, Azone, 
dimethylsulfoxide, dimethylformamide, 2-pyrrolidone, N-methyl-2-pyrrolidone, oleic acid, decyl- 
methylsulfoxide, sodium lauryl sulfate and propylene glycol. The main techniques which supplied 
experimental support for the theory were permeation studies through human skin, the vasocon- 
strictor assay and differential scanning calorimetry; the results from DSC are mainly considered 
here. 



INTRODUCTION 

In recent years, investigators have intensi- 
fied their interests in the controlled delivery of 
drugs through human skin, and transdermal 
devices have been developed for drugs such as 
clonidine, estradiol, testosterone, fentanyl, sco- 
polamine and nitroglycerin. A major problem 
in attempting to control the drug flux arises 
from the impermeability of human skin and its 
biological variability. It would be very useful to 
circumvent these problems by including in the 
formulation molecules which would reversibly 
remove the barrier resistance of the stratum 
corneum and thus allow the drug to penetrate 
to the viable tissues and enter the systemic cir- 
culation { 1 ] . Such entities are known as pen- 
Paper presented at the Third International Symposium on 
Recent Advances in Drug Delivery Systems, February 
24-27, 1 987, Salt Lake City, UT, U.S.A. 



etration enhancers and this paper discusses the 
mechanism of action of many of the most 
important enhancers used to date and proposes 
a general theory of skin accelerant activity. 



PERMEABILITY BARRIER OF HUMAN SKIN 

The importance of the stratum corneum in 
the barrier function of skin is well established, 
with the entire horny layer providing the major 
rate-limiting barrier. There are some excep- 
tions to this - for instance for very lipophilic 
drugs the aqueous epidermal and dermal layers 
may provide a significant hindrance because of 
the clearance effect. Also, the appendage route 
may be important for ionic molecules or large 
polar compounds. However for most pene- 
trants, permeation through the bulk of the stra- 
tum corneum provides the rate-limiting step at 
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steady state and this region will be considered 
as the major barrier in the discussion. 

The literature view of the route of drug per- 
meation through the stratum corneum has 
altered somewhat as the tissue structure has 
become better understood. We may summarise 
the modern view of the horny layer and repre- 
sent it as a wall-like structure with protein 
bricks and lipid mortar. Both the structured 
lipid environment between the cells and the 
hydrated protein within the corneocytes play 
major roles in skin permeability; cell mem- 
branes are probably of only minor consequence 
(Fig. 1). This figure illustrates two potential 
routes for drug permeation, between the cells 
(intercellular route) or through the protein- 
filled cells and across lipid-rich regions in tan- 
dem ( transcellular route) . For each penetrant, 
the relative importance of these dual routes 
depends among other things upon its solubility 
(or chemical potential), its partition coeffi- 
cients for the various phases and its diffusivi- 
ties within these phases, be they proteinaceous 
or lipid [2]. 

Overall, at least for polar drugs, it is likely 

Intercellular route 



that the transcellular route provides the main 
pathway during percutaneous absorption. As 
penetrants become more non-polar, the inter- 
cellular route probably becomes more signifi- 
cant, although whether it entirely dominates, 
even for non-polar drugs, is unclear. In any 
event, the stratum corneum lipids provide a sig- 
nificant part of the barrier function of the stra- 
tum corneum and an understanding of their 
nature and organisation is crucial to a review of 
penetration enhancer activity. That intercel- 
lular lipids can form bilayers at physiological 
pH has been demonstrated, directly for pig epi- 
dermis [3] and at least indirectly for other 
mammalian species, including man [ 4] . 

A previous publication presented a general 
theory for penetration enhancer activity based 
on considerations of possible molecular loca- 
tions for accelerant action [2]. Within the 
intercellular route, it was proposed that acce- 
lerants may interact at the polar head groups of 
the lipids, within the aqueous region between 
lipid head groups, and between the hydropho- 
bic tails of the bilayer. Within the corneocyte 
the major site of action would be the keratin 

Transcellular route 



. „-. . ... , . 



Plasma 
membrane 



• • • ••• •• rl 



f. "J w k i U.> "MJ^ ..... i ii. i ii. 



Cell 



cytoplasm Fatty acid Aqueajs Ceramide 



Intercellular 
space 




Lipid Aqueous 




Cholesterol Triglyceride Minimal lipid 



Keratin 



Fig. 1. Suggested routes of drug penetration through human stratum corneum; macroscopic and molecular domains. 
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fibrils and their associated water molecules. A 
penetration enhancer may also have a. direct 
action whereby regions of the tissue change their 
bulk constitution. Thus with high concentra- 
tions of solvents such as propylene glycol, 
ethanol, the pyrrolidones or dimethylsulfoxide, 
so much solvent may penetrate into the tissue 
that it changes the partition coefficient ( stra- 
tum corneum: vehicle ) for the drug. This paper 
extends this theory and applies it to individual 
penetration enhancers. 

We believe that the interactions proposed 
here are the main ones dominating accelerant 
activity in human stratum corneum. There may 
also be minor rearrangements such as those 
associated with lipid-protein complexes in the 
corneocyte membrane; however, other workers 
propose that these complexes provide one of the 
important thermotropic transitions in stratum 
corneum [5,6]. 



EXPERIMENTAL TECHNIQUES 



We have used three methods to probe the 
mechanisms of action of various penetration 
enhancers. 



1 . Permeation studies through cadaver skin 



2. Vasoconstrictor assays with topical 
steroids 

These procedures are valuable means for 
assessing accelerant activity in volunteers by 
simply scoring the degree of pallor induced by 
a test steroid and how an accelerant modifies 
the response [9,10]. 

3. Differential scanning calorimetry (DSC) of 
human stratum corneum 

DSC experiments provide evidence regard- 
ing the structure of the stratum corneum and 
how enhancers modify phase transitions within 
this tissue. In a typical hydrated sample of 
human stratum corneum we can resolve four 
main transitions f 5,6,11-14] which we identify 
in ascending order of temperature as follows: 

Endotherm T1 

Ascribed to lipid melting, possibly arising 
from sebaceous lipids or cholesterol side-chain 
motion. 



Endotherm T2 

Due to melting of the lipid chain portion bur- 
ied within the bilayer structure, together with 
some non-polar material. 



We selected a range of penetrant molecules 
of widely different polarities to assess the effects 
of diverse enhancers on polar and lipid routes 
through the stratum corneum e.g. mannitol, 5- 
fluorouracil, estradiol, hydrocortisone and pro- 
gesterone. We used both pseudosteady-state 
techniques and in vivo mimic approaches with 
enhancers such as Azone, dimethylsulfoxide, 
dimethylformamide, 2-pyrrolidone, N-methyl- 
2-pyrrolidone, oleic acid, decylmethylsulfoxide, 
sodium iaurly sulfate and propylene glycol 
[7,8]. 



Endotherm T3 

Break-up of associations between lipid polar 
head groups together with disruption of choles- 
terol-stiffened regions. Other workers ascribe 
this transition to protein-lipid associations in 
cell membranes [ 5,6] . 

Endotherm T4 

Protein denaturation of intracellular keratin. 

Figure 2 illustrates a typical DSC trace of 
human stratum corneum, together with one 
modified by Azone treatment. 
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Fig. 2. Differential scanning calorimetry of human stratum 
corneum, untreated and modified by Azone. 

MECHANISM OF ACTION OF PENETRA- 
TION ENHANCERS 

Before we consider the ways in which acce- 
lerants modify the horny layer, it is helpful to 
examine the constituents of the stratum cor- 
neum lipid fraction and how these are arranged. 
During epidermal differentiation, the compo- 
sition of lipids changes from a polar character 
to a neutral mixture [15]. For whole stratum 
corneum, the major fractions are neutral lipids 
(78%) and sphingolipids (18%) together with 
a small amount of polar lipid. There is a consid- 
erable quantity of non-polar material present 
such as squalene and n-alkanes, totalling about 
11%. Both saturated and unsaturated fatty 
chains exist in all neutral lipid species, with 
unsaturated chains predominating except for 
the free fatty acids fraction. The ceramide 
(sphingolipid) fraction comprises primarily 
saturated fatty acid chains. The n-alkanes range 
in a bell-shaped distribution from C I9 to C 34 
[15]. 

Thus many lipid species exist in the horny 
1 layer, differing both in type and chain length; 
this complex lipid mixture forms biiayer struc- 
tures [3,4,17-19] , and Fig. 3 shows our ideal- 
ised representation. The exact location and role 

of the nonpolar material (i.e. sterol esters, n- 
alkanes) is at present unclear. Also, no infor- 
mation if available as to whether or not the lipid 
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Fig. 3. Suggested model representing the structure of lipid 
bilayers within the intercellular spaces of human stratum 
corneum. 

structure exists in distinct solid and fluid 
domains or is totally homogeneous. 

The four endothermic transitions T1-T4 
which hydrated human stratum corneum typi- 
cally provides under DSC were briefly inter- 
preted above. Tl was allocated to lipid melting, 
possibly arising from the sebaceous lipids 
together with cholesterol side-chain motion. T4 
was ascribed to irreversible protein conforma- 
tional transition, i.e. denaturation. We propose 
that T2 arises from the melting of the lipid 
chains deep in the biiayer structure and that T3 
develops from complete breakdown of any asso- 
ciations within the lipid polar head region. To 
aid further discussion we can add additional 
detail to the interpretation of T2 and T3 by 
considering lipid fluidity. 

If the hydrocarbon tails of lipids in a biiayer 
structure are long and saturated, they can 
interact to form a somewhat rigid structure 
which can alter in two major ways. Firstly, if 
some hydrocarbon tails are unsaturated then 
kinks arising from cis double bonds reduce the 
tendency of the chains to pack closely and the 
structure increases in fluidity. Secondly, cho- 
lesterol is a major determinant of lipid biiayer 
Theology. Cholesterol molecules orientate 
themselves within the biiayer with their 
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Fig. 4. The effect of composition on fluidity of the lipid 
bilayer: (a) saturated fatty acid chains packed tightly 
together; (b) kinks arising from cis double bonds dilate the 
structure; (c) the saucer-like steroid molecules of choles- 
terol interact with and partly immobilise the hydrocarbon 
chain region closest to the polar head groups, leaving the 
remainder of the chain flexible 1 22] . 

hydroxyl groups close to the lipid polar head 
region. Their saucer-like steroid rings interact 
with and partly immobilise the hydrocarbon 
chain region closest to the polar head groups, 
leaving the remainder of the chain more flexi- 
ble. Cholesterol sulfate, although present in 
small amounts in normal stratum corneum, may 
be critically important for stabilizing lipid 
bilayers in the absence of phospholipids [4]. 
The effects of cholesterol and unsaturated 
chains on a lipid bilayer are illustrated in Fig. 
4., 

T2 may represent melting of the lower region 
of the lipid /chains arising from increased 
molecular motion - this domain is the 'more 
fluid' region shown in Fig. 4. The endotherm 
may also include melting of some of the non- 
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Fig. 5. Formulae of some common penetration enhancers. 

polar materialpresent in the stratum corneum. 
T3 then represents the complete breakdown of 
the bilayer structure, encompassing disassocia- 
tion of any head groups and the melting of the 
"cholesterol-stiffened" region. 

We can now discuss the mechanism of action 
of the major penetration enhancers in the light 
of our understanding of the molecular structure 
of the stratum corneum. Fig. 5 illustrates the 
formulae of some common accelerants. 

Water 

Water affected the stratum corneum DSC 
thermogram as follows. Tl was not greatly 
modified while T2 and T3 fell slightly in tran- 
sition temperature as hydration increased up to 
60% w/w. T2 was not affected in appearance, 
but T3 tended to enlarge and became thermally 
sharper. T4 fell considerably in temperature and 
also increased in thermal sharpness. 

The fact that water lowered both major lipid 
endotherms demonstrated that the bilayer 
region had increased in fluidity. As lipids pro- 
vide a significant part of the skin's barrier func- 
tion, any reduction in the relevant 
intermolecular forces will allow drug to migrate 
more easily. This may help to explain why, for 
most molecules, hydration increases both polar 
and non-polar permeant fluxes; all drug chem- 
icals will be more mobile in the less tightly 
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packed lipophilic region of the bilayer. 

Figure 6 includes a schematic representation 
of how hydration promotes lipid fluidity as 
shown by reduced T2 and T3. Water molecules 
associated via hydrogen-bonding with lipid 
polar head groups forming a small hydration 
shell. This water insertion loosens the lipid 
packing, decreases intermolecular forces and 
hence reduced both T2 and T3. In addition 
hydrogen-bonding between the polar head 
groups and water could extend the network 
between these groups, so explaining why T3 
enlarged. Thus water may act on T3 in two ways 
- it increases fluidity in the cholesterol-stiff- 
ened region but also enhances interactions 
between head groups. 

The extended hydrophilic domain between 
the lipid polar head groups provides additional 
volume for drug permeation. Also water affects 
considerably the alphakeratin denaturation 
temperature. Dry stratum corneum is a dense 
structure with considerable spacial restriction, 
on the rearrangement and folding of protein 
molecules i.e. denaturation. As the tissue 
hydrates it swells as the polar, proteinaceous 
region takes up most of the water. Thus as the 
water content rises, restrictions on protein 
rearrangements lessen and hence T4 falls. Also 
water competes for hydrogen-bonding sites on 
the protein chains, thus reducing interactions 
between them. Hence denaturation would 



require less energy, as revealed by a lower T4. 
Thus hydration aids drug mobility within the 
cell by creating a more fluid character and com- 
peting for hydrogen-bonding sites. 

Dimethylsulfoxide (DMSO) 

Most current theories on DMSO action con- 
sider that it displaces bound protein water, 
thereby substituting a looser structure [1]- It 
may also interact with the stratum corneum 
lipids. A major clue to DMSO action arises from 
the concentration-dependent behavior of this 
accelerant. It is well known that usually only 
high concentrations (above 60%) promote 
steady-state drug permeation through the skin. 
We have found a similar concentration depen- 
dence in terms of DMSO interaction with stra- 
tum corneum lipids. Treatment of the horny 
layer with solutions of 60% and above lowered 
the lipid transitions T2 and T3 with the effect 
becoming more pronounced with increased 
concentration. However DMSO interacted with 
stratum corneum protein even down to the 20% 
level. 

The accelerant probably partitions prefer- 
entially into the polar cell contents of the tissue 
until it is at a fairly high concentration there. 
Afterwards it also partitions significantly into 
the intercellular domain. 

These results imply that DMSO interaction 
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which permeants can move more freely. Addi- 
tionally the solvent may occupy many hydro- 
gen-bonding sites on the protein, leaving less 
available to bind and hinder molecular diffu- 
sion within the cells. As the lipids usually form 
the main dif fusional barrier, this effect may not 
be significant until lipid fluidity increases. 
However, once the resistance of the lipid bar- 
■•<■• rier falls, intracellular transport and its 
enhancement may become relatively more 
important. 

|. • A further indirect effect of DMSO on skin 

permeability arises from its solvent power for 
en polar most drugs. High levels of the sulfoxide within 

the membrane help drugs to partition into the 
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skin, thus promoting an increased flux. In suit- 
able circumstances DMSO may operate via both 
mechanisms - reducing the skin's resistance and 
aiding drug partitioning (see Fig. 7) . 

Dimethylformamide (DMF), A/-rnethyf-2-pyr- 
rolidone (NMP) and 2-pyrrolidone (2P) 

Like DMSO, the enhancers DMF, NMP and 
2P are relatively polar powerful solvents which 
mix exothermically with water in all propor- 
tions. In our DSC work they exhibited similar 
properties to DMSO. At low concentrations 
they appeared to partition preferentially into 
the keratin regions as shown by them modify- 
ing T4. At higher concentrations, they also 
affected the lipid, as illustrated by reduced T2 
and T3 temperatures i.e. these enhancers 
increased lipid fluidity. Thus it seems likely that 
DMF, NMP and 2P increase skin permeability 
in a similar manner to DMSO. At high concen- 
trations their mode of action is to provide a sub- 
stantial solvation shell around the polar head 
groups of the lipid and thus loosen lipid pack- 
ing. Drug mobility within this region would then 
increase. However, as with DMSO, there may 
be secondary effects. Once the lipid resistance 
falls, increased intracellular transport may 
become more significant. Also these enhancers 
may promote drug partitioning into the skin, 
thereby increasing permeant flux. Overall the 
same mechanism of action as that depicted for 
DMSO in Fig. 7 probably applies to these 
enhancers. 

Propylene glycol (PG) 

The literature contains conflicting reports as 
to whether this molecule increases skin perme- 
ability. To help resolve this argument, and 
because PG is widely used in dermatological 
formulations and as a cosolvent for other acce- 
lerants, we examined PG-skin interactions by 
DSC and permeation studies. Overall, our 
results indicated that PG can act as a penetra- 
tion enhancer. Its effect is most noticeable when 



92 



Keratin in cell; hydrogen bonding 
groups hinder drug motion 



Expanded cell containing DMSO 
competes with drug for bonding 
sites - more permeable environment 



Closely packed 
hydrocarbon chains 



Hydrophilic domain £ 



9 ♦ 



it 



OMSO 



WW 




DMSO solvation shells 
around lipid polar head 
loosen chain packing 



Expanded, DMSO rich 
hydrophilic domain 



PARTIALLY HYDRATED TISSUE 



DMSO-TREATED TISSUE 



Fig. 7. Effect of dimethylsulfoxide on the permeability of human stratum corneum - interaction with intercellular lipids and 
cellujar keratin. 



used in the in vivo mimic situation (where the 
stratum corneum is not fully hydrated) either 
on its own or when operating synergistically 
with other accelerants (e.g. Azone and oleic 
acid). It probably works by solvating alpha- 
keratin and occupying hydrogen-bonding sites, 
thus reducing drug/tissue binding. However, it 
does not appear to influence horny layer lipid 
structure to any extent above that provided by 
water. Thus when applied alone to fully 
hydrated tissue, it does not increase drug per- 
meation - but in this situation we should 
remember that the excessive amount of water 
present itself functions as a penetration enhan- 
cer. If PG is used combined with an accelerant 
which acts on the lipid barrier - such as Azone 
- then much glycol may enter the tissue and 
enhance intracellular drug diffusion more than 
water does. Propylene glycol promotes Azone 
penetration of skin and vice versa. Like the 
powerful polar solvents previously discussed, 
PG may also act by promoting drug partition- 
ing into the skin, yielding higher fluxes. 

Azdne 

We have examined in some detail the effects 
of Azone on the stratum corneum, in terms of 



DSC thermograms and permeability studies. In 
most situation, Azone dramatically affected the 
lipid structure. All three lipid transitions (Tl, 
T2 and T3) disappeared from the resultant 
thermograms or were reduced markedly in size 
although not in temperature. This behaviour 
was quite different to the other enhancers, 
which did reduce T2 and T3 temperatures. Thus 
Azone probably increases skin permeability by 
a different mechanism to that proposed for 
molecules such as DMSO. In addition. Azone 
showed no protein interaction, suggesting that 
it does not enter the cells in significant amounts, 
at least at the low concentrations we used. This 
is understandable as Azone is a non-polar 
material (log [octanol/water] partition 
coefficient =6.6). 

The DSC data and Azone's non-polar nature 
suggested that it partitions directly into the lipid 
bilayer structure, disrupting it as illustrated in 
Fig. 8. Drug permeation through this less rigid 
environment would then increase. 

Azone was much more effective in both 
steady-state and in vivo mimic experiments 
when used in conjunction with PG. An expla- 
nation for this behavior is that Azone enhances 
intercellular drug diffusion only; the intracell- 
ular protein contents, which offer considerable 
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Fig, 8. Azone molecules disrupting the lipid structure of the intercellular region of the stratum corneum. 



diffusional resistance, remain unaffected by this 
accelerant. However PG enhances intracellular 
transport, so the PG + Azone combination is 
more effective than Azone alone (see above) . 

Solvents such as PG and ethanol, once pres- 
ent in the stratum corneum, may help Azone to 
enter. For instance, PG molecules may occupy 
some hydrophilic regions between the lipid polar 
head groups. Azone, being more soluble in PG 
than in water, may then be able to partition 
more easily into the intercellular domain. 

In the presence of high concentrations of 
mixtures such as Azone + PG, it is possible that 
the intercellular leaflet structure breaks down 
completely and globular micelles form, dis- 
persed in a continuous phase of solvent. The 
horny layer would then become quite permea- 
ble [2]. 

Oleic acid (OA) 

Cooper reported that materials such as OA, 
when used combined with a polar diol such as 
PG, promoted the percutaneous absorption of 
non -polar drugs [20] . However, our past work 
[7] and current studies demonstrated that OA 
also enhances polar drug absorption. Treatr 
ment of the stratum corneum with 5% OA in 
PG lowered T2 and T3 transition temperatures 
and slightly reduced endotherm sizes. T4 was 
also affected, but further work showed that this 
was because of the influence of the PG. Thus 



OA interacts only with the stratum corneum 
lipids. The behavior of this enhancer is some- 
what similar to that of Azone, except that the 
lipid structure does not appear to be so drasti- 
cally disrupted. OA possesses a cis double bond 
halfway along the C 18 chain, Le. it is kinked. 
Saturated fatty acids provide a major compo- 
nent of horny layer lipids. Thus OA probably 
operates by penetrating into the lipid structure, 
with its polar end close to the lipid polar heads. 
Because of its bent structure, it then disrupts 
and increases the fluidity of the lipid region, as 
illustrated in Fig. 9. Drug mobility in this less 
tightly packed arrangement will then increase. 
Once again, PG probably enhances intracellu- 
lar drug mobility, and may aid OA to get to its 
site of action; both aspects make the PG/OA 
combination an effective accelerant. 

Decylmethylsulfoxide (DCMS) 

As with Azone, DCMS is effective at low con- 
centrations, even down to 0.1%. As for acceler- 
ants in general, it enhances polar drug 
permeation more dramatically than non-polar 
penetration [7,21]. This phenomenon was 
reflected in our current diffusion work; DCMS 
was a more potent accelerant for 5-fluorouracil 
than for estradiol in both the steady-state and 
in vivo mimic methods. 

In the DSC work, tissue samples treated with 
15% DCMS in PG and 4% DCMS in water were 
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Fig. 9. Oleic acid increases the fluidity of intercellular lipids of the stratum corneum. 



examined. The sulfoxide lowered T2, T3 and 
T4 transition temperatures with the accelerant 
increasing lipid fluidity more than did water. 
Cooper considered that the barrier-reducing 
mechanism of the sulfoxide was via 
protein/DCMS interaction [21]. He postu- 
lated that DCMS acted as a surfactant, chang- 
ing protein conformations and thus opening up 
aqueous channels. Both his and our DSC work 
do suggest that this effect occurs (as seen from 
the lowered T4 endotherm). However we 
believe that in common with so many other 
accelerant studies so far performed, it is prob- 
ably lipid interaction that is the important step 
in DCMS action ( T2 and T3 were lowered by 
treatment with either 15% DCMS in PG or 4% 
DCMS in water). The molecule possesses a 
polar head and a saturated do tail; the tail could 
insert between the structured lipids in a man- 
ner similar to OA. However as the tail is not 
kinked, the lipid structure does not disrupt to 
the same extent as for OA - indeed T2 and T3 
did not reduce in size as they did for OA and 
Azone. Nevertheless, the insertion of this rela- 
tively short chain should increase lipid fluidity; 
Fig. 10 illustrates a postulated mechanism. 
Overall, the mode of action of DCMS is similar 
to that of DMSO i.e. both sulfoxides increase 
.lipid fluidity and interact with stratum cor- 
neam proteins, but much smaller concentra- 
tions of DCMS are necessary. This illustrates a 
difference between the two sulfoxides. DMSO 
may accumulate in quite high concentrations in 



the horny layer, as demonstrated by its swelling 
action. However, at the low effective levels of 
DCMS, this is unlikely to occur. Thus although 
a part of the action of DMSO may be to increase 
the partition coefficient of the drug (stratum 
corneum:vehicle), this will not occur with the 
usual levels of DCMS employed. 

Sodium lauryl sulfate (SLS) 

Anionic surfactants such as SLS grossly swell 
the stratum corneum, uncoiling and extending 
alpha-keratin helices and thereby opening up 
the protein-controlled polar pathway. In our 
work, 0.1-1% SLS solutions markedly affected 
all the endothermic transitions, reducing them 
in size and merging T2, T3 and T4. The effect 
was concentration dependent, with the DSC 
trace for 1% SLS being almost unrecognisable 
as a stratum corneum thermogram. Hence SLS 
disrupted the entire membrane affecting both 
protein and lipid structure. However, even the 
drastic effect of 1% SLS was at least partly 
reversible; thus SLS does not destroy lipid or 
protein structure entirely. The grossly swollen 
protein domain probably imbibes much water 
and thus permits drugs to permeate more freely. 
The expansion of intercellular spaces and the 
insertion of SLS molecules into the lipid struc- 
ture also disrupts this region. Essentially, SLS 
- treated tissue is considerably more fluid than 
untreated tissue. 
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SUMMARY OF PENETRATION ENHANCER 
ACTION 

This paper has outlined proposed mecha- 
nisms of action for a variety of penetration 
enhancers, based on a reasonable representa- 
tion of horny layer lipid structure, plus evi- 
dence from permeation and DSC studies. Our 
concepts of the mechanisms by which acceler- 
ants reduce the barrier function of the skin are 
summarised below. 

1. The most significant finding from our DSC 
work is that all the penetration enhancers we 
investigated interacted in some way with the 
stratum corneum lipid structure, disrupting 
its organisation and increasing its fluidity. 
Such effects would permit drugs to permeate 
more readily through this less rigid 
environment. 

2. Many accelerants also interacted with intra- 
cellular protein, as shown by the effect on 
alpha-keratin denaturation (T4). The 
exceptions were Azone and OA; however 

• these were most effective when dissolved in 
a polar co-solvent such as PG, which itself 
interacted with protein. Although drug flux 
can increase via lipid interaction alone, once 
the lipid barrier weakens, the protein-filled 
cells may still provide a significant diffu- 



sional resistance. Thus an enhancer which 
affects both lipid and protein domains will be 
more potent. Intracellular drug transport 
could be increased by the solvating action of 
enhancers on the protein helices. This mech- 
anism encompasses the displacement of 
bound protein-water, the expansion of pro- 
tein structure, and the competition with per- 
meants for hydrogen-bonding sites. These 
three actions may account for the reduced 
size and broadening of T4 arising from acce- 
lerant treatment. 
3. The diffusional resistance of the intracellu- 
lar contents alters markedly with skin 
hydration - water itself is quite a potent pen- 
etration enhancer. In dry tissue, the intra- 
cellular contents will be essentially solid and 
many hydrogen-bonding groups will be 
available to interact and hinder drug trans- 
port. Hence dry cells provide a significant 
barrier to diffusion. In the fully hydrated sit- 
uation, the intracellular regions will be more 
fluid and water will compete for drug-bind- 
ing sites, lowering the diffusional barrier. 
Therefore a material such as PG which exerts 
its major action on protein alone, will not 
show a significant additional enhancing 
effect in fully hydrated tissue. However, in 
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TABLE 1 



Partition coefficients for penetration enhancers (log P, 
octanol/water) 



Penetration Enhancer 


LogP 


Dimethylsulfoxide ( DMSO ) 


-1.35 


Dimethylformamide (DMF) 


-1.01 


AT-methyl-2-Pyrrolidone (NMP) 


-1 


2-Pyrrolidone (2P) 


-1 


Propylene Glycol (PG) 


-0.92 


Azone 


6.60 


Oleic Acid (OA) 


7.64 


Decylmethylsulfoxide (DCMS) 


3.42 



the dry or partially hydrated situation it may 
have more impact. 

4. Some penetration enhancers may act further 
on stratum corneum barrier function. Our 
DSC results demonstrated that small polar 
accelerants such as DMSO and its ana- 
logues, the pyrrolidones and PG may accum- 
mulate in both intercellular and protein 
regions of the tissue. The presence of these 
powerful solvents may then increase drug 
partitioning into the skin, yielding increased 
fluxes. 

5. The mechanisms of action of enhancers can 
be related to their octanol/water partition 
coefficients (see Table 1). Small polar 
enhancers ( e.g. DMSO, DMF, NMP and 2P ) 
partition preferentially at low concentra- 
tions into the protein region of the stratum 
corneum. At high concentrations they inter- 
act with stratum corneum lipid, increasing 
its fluidity. Such a mechanism underlines the 
importance of reducing the lipid barrier, as 
these enhancers are only effective at high 
concentrations. Non-polar materials such as 
Azone and OA appear to enter the lipid 
regions only, where they disrupt the struc- 
ture. DCMS, with an intermediate polarity, 
interacts with both protein and lipid. PG, a 
polar material, preferentially enters the ker- 
atin location, but does not exert much effect 
on lipid fluidity. Perhaps its hydrogen-b6nd- 

? 

4 

I 



ing capacity is insufficient for it to interact 
significantly with the lipid polar head groups. 
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Oleic acid is known to be a penetration enhancer for polar to mod- 
erately polar molecules. A mechanism related to lipid phase sepa- 
ration has been previously proposed by this laboratory to explain 
the increases in skin transport, in the studies presented here, Fou- 
rier transform infrared spectroscopy (FT-IR) was utilized to inves- 
tigate whether or not oleic acid exists in a separate phase within 
stratum corneum (SC) lipids. Per-deuterated oleic acid was em- 
ployed allowing the conformational phase behavior of the exoge- 
nously added fatty acid and the endogenous SC lipids to be moni- 
tored independently of each other. The results indicated that oleic 
acid exerts a significant effect on the SC lipids, lowering the lipid 
transition temperature (TJ in addition to increasing the conforma- 
tional freedom or flexibility of the endogenous lipid alkyl chains 
above their T m . At temperatures lower than T m , however, oleic acid 
did not significantly change the chain disorder of the SC lipids. 
Similar results were obtained with lipids isolated from the SC by 
chloroformrmethanol extraction. Oleic acid, itself, was almost fully 
disordered at temperatures both above and below the endogenous 
lipid T m in the intact SC and extracted lipid samples. This finding 
suggested that oleic acid does exist as a liquid within the SC lipids. 
The coexistence of fluid oleic acid and ordered SC lipids, at physi- 
ological temperatures, is consistent with the previously proposed 
phase-separation transport mechanism for enhanced diffusion. In 
this mechanism, the enhanced transport of polar molecules across 
the SC can be explained by the formation of permeable interfacial 
defects within the SC lipid bilayers which effectively decrease either 
the diffusional path length or the resistance, without necessarily 
invoking the formation of frank pores. 

KEY WORDS: oleic acid; penetration enhancer; Fourier Transform 
infrared Spectroscopy (FT-IR); lipid phase-separation transport 
mechanism. 



INTRODUCTION 

Previous calorimetric studies with porcine stratum cor- 
neum (SC) show that the T m of the two lipid transitions, 
which occur between 60 and 70°C, are significantly reduced 
m the presence of oleic acid (1). This decrease in the iipid- 
associated T m is correlated with the amount of oleic acid 
taken up by the SC, and the in vitro flux enhancement of 
lonically charged molecules, stressing the importance of 



the lipid pathway in skin transport. Further, the extent of 
enhancement increases with the concentration of the 
charged permeant within the applied vehicle, suggesting 
nonadherence to the classical pH-partition hypothesis. 
These observations, analyzed in the context of a number of 
phospholipid references (2-8) describing lateral phase sepa- 
ration, fatty acid phase behavior, and increased ion perme- 
ability at the gel-liquid crystal phase transition, suggest that 
the enhancement of transport across the skin may be related 
to a microperturbation of the SC lipid bilayer structure. Con- 
sequently, a mechanism is proposed in which oleic acid ex- 
ists in a separate phase contained within the endogenous SC 
lipids, thereby forming a number of permeable defects at 
liquid-solid interfaces. This mechanism is also tacitly con- 
sistent with reports that increased TEWL occurs in a num- 
ber of skin disorders characterized by lipid abnormalities, 
which may involve phase separation (9,10). Grubauer et at. 
(II) in fact, experimentally correlate TEWL to the pres- 
ence of separate polar and nonpolar lipid phases in mouse 
skin. In the studies described here, Fourier transform infra- 
red (FT-IR) spectroscopy was employed to investigate spe- 
cifically the possibility of liquid-solid phase separation 
within the SC lipid domain in conjunction with oleic acid. A 
salient aspect of these studies is that the C-D stretching band 
is located at a lower wavenumber region, allowing the con- 
formational behavior of 2 H-oleic acid to be differentiated 
from that of the endogenous SC lipids (12). 

MATERIALS AND METHODS 

Preparation of Stratum Corneum (SC) and Extracted Lipids 

Full-thickness skin was obtained immediately after sac- 
rifice from pigs weighing 15 to 30 kg. Only the thoracic sec- 
tions were utilized. The hair was first clipped with standard 
shears and then dermatomed to a thickness of about 500 u,m. 
As described elsewhere (13), skin sections of about 6 cm 2 
were incubated with a 0.5% trypsin buffer (pH 7) to separate 
the SC from the epidermis. The isolated SC was rinsed 
briefly with cold hexane, then distilled H 2 0, and air-dried 
before storing in a desiccator. 

The lipids were isolated from the SC according to the 
method described by Wertz et al. (14). The SC was extracted 
successively in three different chloroform-methanol mix- 
tures, each for 2 nr. These mixtures were 2:1, 1:1, and 1:2 
chloroform-methanol, respectively. This series was then re- 
peated at 1-hr intervals before finally extracting the SC over- 
night with methanol. All fractions were combined and evap- 
orated to dryness under N 2 . The dried lipid residue was 
placed under vacuum (-25 in. Hg) until a constant weight 
was achieved. The lipids were then stored under N 2 at 
-20°C until needed. 
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Treatment of the SC and Extracted Lipids with Oleic Acid 

For these experiments, an ethanol solution of per- 
deuterated oleic acid (Cambridge Isotope Laboratories, 
Woburn, MA) was prepared to a final concentration of 300 
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mg/ml. To treat the SC, an aliquot of 30 \l\ was layered on 
the apical side of a piece measuring about 4 cm 2 . After evap- 
oration of the ethanol, this tissue was carefully placed (same 
side up) in a 75% RH chamber for at least 24 nr. Subse- 
quently, the SC was rinsed by briefly immersing the sample 
with forceps into three different solutions of cold ethanol. The 
excess ethanol was removed by gentle blotting and evaporation 
before the SC was reequilibrated at 75% RH. Untreated SC 
samples were also hydrated to 75% RH. In a separate set of 
experiments, the same treatment process described above was 
repeated several times using 3 H-oleic acid to quantitate the 
amount taken by the SC. The oleic acid content in SC was 
then measured by a standard liquid scintillation technique. 

The extracted SC lipids were processed by a method 
similar to that reported by White et al. (15). The lipid residue 
was first dissolved in a small volume of chloroform- 
methanol (2:1) and dried under N 2 to a thin film. The lipids 
were dispersed in sufficient quantity of distilled H 2 0 to give 
a concentration of 1 mg/ml. This mixture was recycled 
through several heating/cooling cycles (up to 80°C) to obtain 
a uniform dispersion. Subsequently, 300 u.1 of this dispersion 
was deposited on the FT-IR window and partially dried in a 
CaS0 4 desiccator. The film was rehydrated at 75% RH be- 
fore use. The treated samples were prepared by dissolving 
the 2 H-oleic acid in the initial chlorofonn-methanoJ mixture 
at a ratio of 1:2 (w/w; oleic acid:SC lipid) to approximate the 
amount of oleic acid taken up by the intact SC. This approx- 
imation assumes that all of the OA was taken up by the SC 
lipids, which constitute about 15% of the total SC mass (1). 
The 2 H-oleic acid spectrum (Fig. 4) was obtained in a similar 
manner by placing 20 uJ between two FT-IR windows. 

FT-IR Spectroscopy 

Infrared spectra were recorded with a Nicolet 730 FT- 
IR spectrophotometer (Nicolet, Madison, WI) equipped with 
a liquid N 2 cooled MCT detector. To obtain a spectrum at 
each temperature* three groups of 64 scans were collected at 
0.5-cm" 1 resolution, coadded, and transformed using a 
Happ-Genzei apodization function. The samples were con- 
tained between ZnS (IRTRAN 2, SpectraTech, Stamford, 
CT) windows mounted in a specially designed heating/ 
cooling cell. The cell was connected to a Lauda low- 
temperature water circulator (Model RC-6, Brinkman Instru- 
ments, Westbury, NY), which was controlled by a separate 
computer interfaced to the spectrometer workstation. The 
circulating fluid consisted of a 50% ethylene gIycol~H 2 0 
mixture. The ZnS windows were sealed around the edge 
with electrical tape, and an Alumel-Chromel thermocouple 
(Omega, Stamford, CT) was inserted through a hole drilled 
in one sample window to monitor directly the sample tem- 
perature to within ±0.2°C. The spectra were collected at 1 to 
5°C increments as programmed by the water bath computer. 
Overall, the rate of temperature increase averaged less than 
20°C/hr. To eliminate optical channeling in the frequency 
domain, the appropriate part of the interferogram was re- 
placed with a straight line before transformation (16). Peak 
positions were determined using the software supplied by 
Nicolet, which was based on a polynomial least-squares 
method (17), or with a center of gravity algorithm (18) allow- 
ing frequencies, in all cases, to be determined with an un- 
certainty of less than 0.1 cm" 1 . 
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RESULTS AND DISCUSSION 
FT-IR Spectra 

An infrared spectrum, spanning from about 3000 to 1900 
cm" 1 , is illustrated in Fig. 1 for a porcine SC sample which 
had been treated with 2 H-oleic acid. Of particular interest for 
these studies are the C-H and C-D symmetric stretching 
frequencies found at approximately 2850 and 2090 cm" 1 , 
respectively. The significance of these particular bands is 
that they reflect, on a molecular level, conformational 
changes of the alkyl lipid chains (19-21). Specifically, as 
gauche conformers are introduced along the hydrocarbon 
chain, the stretching frequency shifts to higher values due to 
steric hindrance of partially eclipsed methylene groups along 
the lipid molecular axis. The increase in the number of 
gauche conformers is associated with increased conforma- 
tional freedom and flexibility of the alkyl chains leading to a 
reduction in bilayer thickness and segmental order. The in- 
flection midpoint of the temperature-frequency curve, con- 
sequently, can be taken as the T m for the corresponding 
calorimetric phase transition (22). For these data the inflec- 
tion point, or T m , was estimated graphically (12). 

Figure 2 illustrates the changes in v s (CH 2 ) obtained for 
the oleic acid-treated and the untreated SC as a function of 
temperature. For these experiments, the average concentra- 
tion of oleic acid taken up by the SC was determined to be 60 
fig/mg SC (SE — 4.0, n = 6). The incorporation of oleic acid 
did not have a significant effect on the conformational order 
of the endogenous lipids below the 7 m , as there was no sta- 
tistical difference (a = 0.05) between the v s (CH 2 ) for the 
treated and that for the control samples (Table I). Treatment 
with oleic acid did, however, lower the T m of the inherent SC 
lipids by 7.7°C (SE = 1.3, n = 4), in agreement with results 
obtained by differential scanning calorimetry (1,23). At tem- 
peratures above the T m , higher values (P < 0.05) for v s (CH 2 ) 
were found in the treated samples, indicating that fluid SC 
lipids are further disordered in the presence of oleic acid. 
Similar effects of oleic acid were observed in the extracted 
SC lipid samples (Fig. 3). There was no difference (a = 0.05) 
between the conformational order of the treated and that of 



tu 
O 

z 
< 

CD 

a 
o 

CA 
CD 
< 




'S (CH a ) 




f S (CD a ) 



3050 2910 2770 2630 2490 2350 2210 2070 1930 

WAVENUMBER (cm"') 

Fig. 1. Partial infrared spectrum of porcine stratum corneum treated 
with per-deuterated oleic acid. Note the separate C-H and C-D 
stretching bands at about 2850 and 2096 cm" 1 . 
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Fig. 2. The change in C-H symmetric stretching frequency, 
v^CHj), for porcine stratum corneum as a function of temperature. 
Included are the oleic acid-treated and the untreated (control) sam- 
ples. ■, control; O, 2 H-OA treatment. 

the control lipids below the T m , but like the intact SC, the 
oleic acid-treated extracts showed greater (P < 0.05) disor- 
der above the T m (Table I). The T m of the extracted lipids 
was likewise shifted to a lower value (A T m = -9.5°C, SE = 
1.25, n = 3). 

The decrease in T m for the endogenous SC lipids fol- 
lowing treatment with oleic acid can be partially explained 
on the basis of thermodynamic principles. At the SC lipid 
phase transition, AG = 0 since the respective lipid phases 
are in equilibrium. Accordingly, T m will be equal to A///A5, 
where J\S = 5 finftl - 5 initiQl . Previous calorimetric experi- 
ments have indicated that the Atf sc upnas is only slightly 
altered by oleic acid (1), suggesting that an increase in AS 
may, in part, account for the reduction in r m . Indeed, the 
changes in v,(CH 2 ) above the T m suggest that oleic acid in- 
creases 5 fina | with no effect on 5 lnitlBj . No change in S initia , 
implies that the mechanism by which the transport of polar 

Table I. The Symmetric Stretching Frequency, v,(CH 2 ), for Stratum 
Corneum and Extracted Lipids Treated with 2 H-01eic Acid: The 
Temperatures Represent Values Above and Below the Transition 

(see Figs. 2 and 3) 



Stratum corneum 



Extracted lipids 





30°C 


90°C 


20°C 


75°C 


Control 


2850.1 


2853.4 


2849.7 


2853.2 




(o.ir 


(o.i r 


(o.oy 


(0.2)° 




n = 8 


n = 7 


n = 2 


n = 2 


Oleic acid 










treated 


2850.1 


2854.2 


2849.7 


2854.2 




(0.1) 


(0.2) 


(0.1) 


(0.2) 




n = A 


n = 4 


n =» 2 


n = 2 



09 



2655 n 



2854- 



2853- 



2852- 



2851- 



2850- 



2849 



oo 



OH 



20 



40 



I 

60 



80 



1 

100 



° Numbers in parentheses represent SE. 



TEMPERATURE (°C) 

Fig. 3. The change in C-H symmetric stretching frequency, 
v s (CH 2 ), for lipids extracted from porcine stratum corneum as a 
function of temperature. Included are untreated and oleic acid- 
treated lipid samples. ■, control; O. 2 H-OA treatment. 

molecules, at physiological temperatures, is enhanced must 
be due to subtle microphysical changes within the lipid bi- 
layers, and cannot be ascribed to macroscopic perturbation 
or fluid ization. 

The increase in conformational disorder or entropy of 
the endogenous fluid SC lipids may reflect at least two ef- 
fects. Deuterium NMR and FT-IR studies have shown that 
the greatest conformational disorder exists toward the mid- 
dle of the bilayer for fluid phospholipids (24,25). The meth- 
ylene groups closest to, the polar head region remain some- 
what ordered, even in the liquid-crystalline state. If this anal- 
ogy holds here for the SC lipids, it can be speculated that 
oleic acid exerts its primary effect(s) on the first 6 to 10 alkyl 
carbons proximal to the polar region of the bilayer. The 
other possible explanation is that oleic acid may increase the 
fraction of total lipids which have undergone a fluid phase 
transition. The latter possibility, though, would suggest that 
there are normally ordered lipids present in the untreated SC 
above the observed phase transition. While infrared spectro- 
scopic analysis cannot distinguish between the two effects, 
X-ray diffraction studies suggest that it is unlikely that these 
ordered lipids exist at 90°C (15). Thus, these results suggest 
that oleic acid primarily disorders the alkyl chain near the 
polar region of the bilayers. No effect by oleic acid on the 
terminal -CH 3 (data not shown) stretching above the T m 
support this conclusion. 

The net frequency changes for the 2 H-oleic acid and the 
SC lipids are compared in Table II. While the C-H stretching 
frequency for the SC lipids increases by 4 to 5 cm"" 1 , the 
corresponding change in the C-D value is less than 1 cm"" 1 . 
Thus, it is apparent that the oleic acid present in the SC or 
extracted lipids does not undergo a major phase transition. 
Furthermore, the actual value of v 9 (CD 2 ) at 32°C is approx- 
imately 2097 cm " 1 . As shown by Fig. 4, a frequency of 2097 
cm " 1 corresponds to 2 H-oleic acid that is almost fully dis- 
ordered. Therefore, it can be concluded that the alkyl chains 
of the 2 H-oleic acid within the SC are, on average, in the 
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Tabic II. The Symmetric Stretching Frequency, v s (CD 2 ), for 2 H- 
Oleic Acid in Treated Stratum Corneum and Extracted Lipid 

Samples 



Temperature 
(°C) 


Stratum corneum 


Extracted lipids 


20 


2096.9 


2097.1 




(0.5)" 


(0.0) 


30 


2097.2 


2097.4 




(0.6) 


(0.2) 


40 


2097.5 


2097.6 




(0.4) 


(0.1) 


50 


2097.8 


2098.3 




fO 2) 


(0.4) 


60 


2098.3 


2098.7 




(0.2) 


(0.0) 


70 


2098.0 


2098.4 




(0.1) 


(0.0) 


80 


2098.0 


2098.3 




(0.1) 


(0.1) 


. 90 


2097.6 






(0.3) 




100 


2097.8 






(0.1) 





* Numbers in parentheses represent SE where n = 2. 



liquid state. It should be noted that this FT-IR analysis can- 
not measure the long-range order of the liquid oleic acid 
molecules to establish whether the fatty acid is dispersed in 
the same plane as the endogenous lipid bilayer or if it induces 
the formation of a more exotic domain such as a hexagonal 
IT phase. In either case, the ideas of phase-separated defects 
and enhanced transport would still apply. At this time, the 
precise composition of the lipid phase containing the liquid 
oleic acid is not known. It is likely that the oleic acid exists 
in a heterogeneous phase containing one or more other SC 
lipid components (e.g., cholesterol) and, as such, would not 
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Fig. 4. The change in C-D symmetric stretching frequency, 
v,(CD 2 ), for pure 2 H-oleic acid as a function of temperature. 
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Fig. 5. Simplified schematic representation for one type of perme- 
able defect which could be formed within the lipid bilayers. Stratum 
corneum illustration is an actual tracing of an electron micrograph 
(-385 ,000 x), with the dark intercellular patches attributed to des- 
mosomal fragments. 

be expected to manifest a separate cooperative phase tran- 
sition. Nevertheless, it is unequivocal that the oleic acid 
molecules in the SC at physiological temperatures are in the 
liquid state and, therefore, are phase-separated from the en- 
dogenous solid lipids. 

While previous reports have correctly concluded that 
oleic acid increases the overall alkyl-chain disorder of the SC 
lipids (23,26), the changes in the v 9 (CH 2 ) under those condi- 
tions reflect an average contribution from both oleic acid and 
the endogenous lipids. Hence, the oleic acid must be in the 
fluid state to account for the overall increase in v^CHj) 
which is observed. The conformational behavior of the SC 
lipids and the added fatty acid in these FT-IR experiments 
here was resolved with the use of per-deuterated oleic acid. 

Phase Separation Hypothesis for Enhanced transport 

The possible significance of oleic acid, existing as a sep- 
arate liquid phase in the SC lipids, to increased skin trans- 
port can be inferred from the phospholipid literature (2-8). 
Anomalously high diffusion rates for small ions such as Na + 
and K + are reported for various phospholipid systems which 
are heated to their phase transition temperature (2,5). The 
enhanced flux of these ions is thought to be related to the 
formation of permeable defects at the fluidV-solid interface of 
lipids at their T m . In addition, enhanced ion transport is ob- 
served in two component lipid systems which exhibit lateral 
phase separation (3,4). Given the likely existence of separate 
liquid and solid phases within oleic acid-treated SC lipids, 
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and previous results (1) that show a dramatic increase in 
permeability of charged compounds, it seems reasonable to 
propose a similar mechanism of enhanced skin transport. 
For any molecule to diffuse across the SC it must, at some 
point, encounter the lipid bilayers, as they are the only con- 
tinuous structure. The formation of some type of permeable 
interfacial defects (Fig. 5) within the bilayer could explain 
the enhanced transport by reducing either the diffusional 
path length or the resistance. Further, the apparent tendency 
of oleic acid to increase the transport of charged or polar 
molecules suggests that the defect areas may also be asso- 
ciated with water (1,6). In conclusion, the FT-IR results ob- 
tained here with oleic acid are consistent with, but do not 
prove, this type of mechanism. 
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Fourie transform infrared/attenuated total reflection analysis demonstrated that the absorbance intensity of C=0 
stretching bands, which reflect the amounts of lipids in the stratum corneum, decreased with an Increase in the duration 
of skin treatment with 0.15 m oleic acid/propylene glycol (PG) system, suggesting that the oleic acid/PG system induced 
the lipid extraction, which was followed by a reorganization of the stratum corneum structures. The spectral peaks 
which originated from the PG molecule were detected in derma! tissues after 30min of treatment of the stratum comeum 
with the same system. This observation suggested that the reorganization of the lipid domains due to the lipid extraction 
by the oleic acid/PG system helped the PG molecules enter the dermal tissues. It was also suggested that an effective 
volume within the stratum corneum for solutes and/or solvents which could penetrate through the inter-, and/or 
intracellular routes could be altered in conjunction with the structural changes of the lipids. 

Keywords oleic acid; propylene glycol; stratum corneum; delipidization; dermis; FT-IR/ATR spectroscopy 



Oleic acid has been studied as a skin penetration enhancer 
for drugs primarily via its action primarily on stratum 
corneum lipid structures. 1 ~ 3) As to the behavior of oleic 
acid in the skin, Francoeur et al suggested 4,5 * that fluid 
oleic acid and ordered stratum corneum lipids can coexist 
when the oleic acid is taken into the stratum comeum at a 
normal physiological temperature. In their experiment, the 
action of oleic acid on the stratum corneum resulting in the 
permeability enhancement of drugs was examined in the 
single component system of oleic acid. One might suggest 
that the skin penetration enhancing effect of vehicles would 
be different depending upon the system used. For example, 
if one used a combined system consisting of two or more 
materials which affected the membrane structures, the 
permeant flux might be enhanced by the complex action of 
coexisting penetration enhancers. It was reported that the 
penetration of both polar 6 * and non-poIar 7> drugs through 
the skin was enhanced by oleic acid when used in com- 
bination with propylene glycol (PG). Such an enhance- 
ment was considered to be the result of two different mech- 
anisms in which PG enhanced intracellular drug mobili- 
ty by solvating alphakeratin in corneocytes, allowing oleic 
acid to act on the lipid barrier. 8) As to the perturbation 
of the stratum corneum, the lipid extraction from the 
stratum corneum could also be an important factor for 
permeants to penetrate the epidermal lipid barrier. Based 
on these considerations, factors affecting permeant flux 
and/or stratum corneum structures should be elucidated on 
an individual basis considering all components that make 
up the permeant-containing vehicle. 

We have examined the spectral behavior of the rat stra- 
tum corneum following treatment of the skin surface with 
fatty acids and fatty amines in PG using Fourier trans- 
form infrared/attenuated total reflection (FT-IR/ATR) in 
relation to the permeant flux of hydrophilic and hydro- 
phobic solutes, 5- and 6-carboxyfluorescein (CF) and 
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indomethacin, respectively. 9 ' 10) In this experiment, it was 
found that some fatty acids and fatty amines in PG, as 
well as PG alone, could alter the conformation of stra- 
tum corneum keratinized proteins. Such conformational 
changes were possibly due to the incorporation of the fatty 
acid and the falty amine into the lipid domains and cor- 
neocytes when used in combination with PG. In this pa- 
per, we have investigated the time profiles of structural 
changes in the stratum corneum lipids by measuring CH 2 
asymmetric stretching vibrations resulting primarily from 
acyl chains of the stratum corneum lipids. We also examin- 
ed the ability of the oleic acid/PG vehicle to remove lipids 
from the rat stratum corneum with increasing duration of 
exposure of the skin to oleic acid in PG. The appearance 
of PG into the dermal tissues was also pursued following 
treatment of the skin with oleic acid in PG by measurement 
of PG spectra using FT-IR/ATR. 

Materials and Methods 

Materials Oleic acid and propylene glycol, both of reagent grade, were 
purchased from Nakaloai Tesque. All other chemicals were also of a 
reagent grade. 

Skin Preparation for FT-IR/ATR Spectroscopy Measurement As 
previously reported, 9, l0) the abdominal skin was removed from male Wistar 
rats (8—9 weeks old) under pentobarbital anesthesia, shaved with an 
electric clipper and then with an electric razor. The freshly excised full 
thickness skin with subcutaneous fat removed was weighed. The skin 
surface area available for FT-IR/ATR measurement was 1.05 cm 2 . The 
skin samples were then mounted between the two compartments of the 
diffusion cells with the dermis side facing the receiver compartment. The 
formulations used were PG with or without oleic acid in a concentration 
of 0.15 m. One gram of the vehicle was applied into the donor compartment. 
The donor compartment was sealed from the atmosphere with Parafilm®. 
The receiver compartment was filled with 14.2 ml of a phosphate buffered 
solution (PBS; 140m\iNaCI,2.68mMKa,8.10mMNa,HPO 4 and 1.47 mM 
KH 2 P0 4 , pH 7.4). The assembled diffusion cells were then immediately 
immersed in a water bath at 37 °C and the bufTer solution was stirred with 
a magnetic stirrer. The receiver compartments were maintained at 37 °C. 
Each of the skin samples was taken out from the cell at appropriate time 
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intervals after the incubation. The surface of the stratum corneum was 
gently wiped with Kimwipes® and then left as it was for lOmin at ambient 
temperature. For FT-IR/ATR measurement, the skin was placed on the 
element with the epidermal surface attached to the reflection surface, then 
the spectra of the epidermal surface was measured. The same procedure 
was also used in the measurement of PG that appeared in dermis, with 
the exception of the skin being placed on the element with the dermal 
surface attached to the reflection surface so that the spectra of the dermal 
surface were obtained. 

FT-IR/ATR Spectroscopy Measurement IR spectra of the surface of 
either the stratum corneum or the dermal tissues were obtained at an 
ambient temperature with a JEOL JTR-100 FT-IR spectrometer equipped 
with a liquid nitrogen-cooled, narrow band mercury-cadmium-telluride 
detector (MCT detector) with a resolution of 0.45cm" 1 . The internal 
reflection element was KRS-5 (52 x 20 x 2 mm trapezoidal cut at 45°). The 
CHj asymmetric stretching band peak which originated from alkyl chains 
in the lipids was obtained by the built-in programmed curve fitting method 
of the FT-IR/ATR instrument. 

Results and Discussion 

Time Profile of Stratum Corneum Perturbation The time 
profiles of the FT-IR/ATR spectra of the surface of the rat 
skins treated with 0.15 m oleic acid in PG for (b) 5min, (c) 
30min, (d) 2h, (e) 12 h, and (a) untreated sample are 
illustrated in Fig. 1A. As is already known, the CH 2 
asymmetric and symmetric stretching vibrations absorbing 
near 2920 and 2850cm" 1 , respectively, 3 * result primarily 
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Fig. I. Representative FT-IR/ART Spectra of Rat Abdominal Stratum 
Corneum in the CH 2 Asymmetric and Symmetric Stretching Region 
Resulting Primarily from Stratum Corneum Lipids Following Treatment 
of the Stratum Corneum with 0.15m Oleic Acid/PG System and PG Alone 

A, the skin was treated with 0.15 u oleic add in PG for either a, without treatment; 
b» 5min; c, 30min; d, 2 h; e, 12h. B, the skin was treated with PG alone either a, 
without treatment; b for 2h; c for I2h. 



from the methylene groups of the stratum corneum lipid 
hydrocarbon chains. As for the CH 2 asymmetric stretching 
vibrations, we have already reported that the degree of the 
frequency shift depended on the concentration of oleic acid 
which was applied to the skin. 10) As seen in the spectra of 
(a) to (e) of Fig. 1A and Table I, after treatment of the skin 
surface with 0.15 m of oleic acid in PG for 5min, CH 2 
asymmetric stretching vibrations at 2920cm" 1 showed a 
slight shift (0.9 cm" 1 ) toward higher wave numbers. By 
increasing the duration of exposure of the skin to 0.15 m 
oleic acid in PG, additional shifting towards high wave- 
numbers, along with a broadening of the spectra was ob- 
served. After 30min, 2h and 12 h of treatment, there was 
an average increase of 2.4, 3.4 and 3.9 cm" 1 , respectively, 
showing that the degree of the shift was similar between 
the 2 and 12 h treatment samples. A similar shift was not 
observed with the samples treated with PG alone for (b) 
2 h and (c) 12 h in comparison with the untreated skin sample 
(a) as shown in Fig. IB. These results indicated that 
disordering of the stratum corneum structures could be 
initiated at least by 5min of treatment with 0.15 m oleic 
acid in PG. Such disordering effects were increased by in- 
creasing the duration of exposure of the skin to the skin 
penetration enhancer in PG, and a maximum effect was 
reached after 2 h of treatment, suggesting that the uptake 
of oleic acid and PG into the stratum corneum approach- 
ed saturation after at least 2 h of treatment. 

Delipidizatton with Oleic Acid in PG System The peak 
intensity resulting from CH 2 asymmetric stretching vi- 
brations near 2920 cm" 1 is known to be affected by stra- 
tum corneum proteins. 10 Thus, the peak intensity may not 
be available for evaluating the amounts of lipids which 
exist in the stratum corneum. The absorbance at 1741 cm" 1 
in the spectra is assigned to the C=0 mode of cstcrified 
stratum corneum lipids, and the exogeneously introduced 
oleic add produces the characteristic 1710 cm" 1 absor- 
bance.^ It is also reported that the absorption band at 
approximately 1740 cm" which originated from the C=0 
stretching vibrations, is not affected by stratum corneum 
proteins. 10 Raykar et al. X2) took advantage of this 
observation and evaluated the degree of delipidization of 
the stratum corneum following treatment of the stratum 
corneum with a 2 : 1 chloroform/methanol mixture by 
measuring changes in absorbance at 1740 cm" 1 . In our study 
we also adapted this technique and investigated whether 
oleic acid extracted lipids from the stratum corneum, when 
used in combination with PG, by measuring the absorbance 
intensity at 1740cm" 1 as a function of time following 



Table I. Time Course of Frequency Changes in the CH 2 Asymmetric 
Stretching Peak Resulting from Rat Abdominal Stratum Corneum Treated 
with 0.15 m Oleic Acid in PG and/or PG Alone 



Treatment lime 


Frequency (cm -1 ) 


PG 


Oleic acid in PG 


Omin 


2919.8±0.2 (12) 


2919.8±0.2 (12) 


5min 


2919.7+0.4 ( 3) 


2920.2 ±0.1 ( 3) 


30min 


2919.1 ±0.4 ( 3) 


2922.2 ±0.1 ( 3) 


2h 


2920.1 ±0.1 ( 3) 


2923.2 ± 0.3 ( 3) 


12h 


2920.1 ±0.4 ( 3) 


2923.7 ±0.5 ( 3) 



The values given are mean ± S.D. Numbers of trials are given in parentheses. . 
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treatment of the skin surface with 0.15 m oleic acid in PG. 
The results are shown in Fig. 2A. It was apparent that the 
absorbance intensity at 1740 cm" 1 decreased with an 
increase in the skin treatment time with 0.15 m oleic acid in 
PG. However, no decrease was observed in the samples 
treated with PG alone for 2 and 12h, as compared with 
untreated sample (Fig. 2B). This implied that treatment of 
the stratum corneum with 0.15 m oleic acid in PG caused 
the decrease in the amount of the C=0 group contributing 
to the absorbance intensity at 1740cm" * f suggesting that 
lipid extraction from the stratum corneum occurred. 
Another explanation for the decrease in the absorbance 
intensity was that the spectral characteristic was changed, 
although no direct evidence was shown at present. However, 
it was probably reasonable to assume that the structures in 
the lipid domain were perturbed, either in the case of lipid 
extraction effects or in the alteration of the absorbance 
characteristic. Thus, the application of the oleic acid/PG 
system on the rat skin could reduce the resistance of the 
stratum corneum by reorganizing the structures of lipid 
domains. Such conformational alterations would bring 
about the possible disordering of protein structures in 
corneocytes. 9) Francoeur et ai provided evidence that the 
lipid phase transitions associated with the intracellular 
bilayers were markedly affected by treatment with oleic 
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Fig. 2. Representative FT-1R/ATR Spectra of Rat Abdominal Stratum 
Corneum in the C = O Stretching Region Resulting from Stratum Corneum 
Lipids Following Treatment of the Stratum Corneum with 0.15 m Oleic 
Acid in PG and PG Alone 

A, the skin was treated with 0.1 5 m oleic acid in PG either: a, without treatment; 
b for 5 min; c, 30 min; d, 2h; e, 12 h. B, the skin was treated with PG Alone either 
a, without treatment; b, 2h; c, 12h. 



acid. 4> Recently, they further demonstrated 3 * that oleic acid 
lowered the lipid phase transition temperature (rj of the 
stratum corneum lipids in conjunction with increasing the 
conformational freedom or flexibility of the endogenous 
lipid alkyl chains above the 7* m . Oleic acid did not 
significantly change the chain disorder of the stratum 
corneum lipids at the temperature below T m under those 
circumstances where oleic acid itself was fully disordered. 
Of the spectroscopic behavior of stratum corneum lipids, 
it has been shown that the 0.5 h treatment of human stratum 
corneum with oleic acid (0.5—10%) in ethanol did not affect 
the intensity of the 1741cm" 1 absorbance, which is 
characteristic of esterified stratum corneum lipids. 3 * This 
result indicates that oleic acid in ethanol did not extract 
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Fig. 3. Representative FT-IR/ATR Spectra of Rat Abdominal Dermal 
Tissues in the Region from 1200 to 800 cm" 1 Following Treatment of the 
Stratum Corneum with 0.15 m Oleic Acid in PG and PG Alone 

A, the skin was treated with 0.1 5 m oleic acid in PG either a, without treatment; 
or for b. 5 min; c. 15 min; d, 30 min; e. 2h. B, the skin was treated with PG alone 
either a, without treatment; b, 2h. C. spectrum for pure PG sample. 
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any lipids from the stratum corneum under this condition. 
By contrast, our results indicated that even 5min treatment 
of the stratum corneum with 0. 15 M oleic acid in PG caused 
a decrease in absorbance at 1 740 cm " \ suggesting that oleic 
acid in the PG system extracted the stratum corneum lipids. 
The difference in the action of oleic acid on the lipid 
extraction, thus, must be due to the difference in the system 
used in both experiments. It is mentioned that PG molecules 
may occupy some hydrophilic region between the lipid polar 
head groups. 8 * As to the mechanism of action of oleic acid 
in the PG system on the stratum corneum lipids, we can 
speculate that oleic acid in PG may cause breakdown of 
the intercellular leaflet structure by solubilizing stratum 
corneum lipids which may then emigrate to the outside of 
the stratum corneum (donor compartment). Such a 
structural breakdown could bring about an extension of the 
effective volume within the stratum corneum for solutes 
and/or solvents which could penetrate through the inter-, 
and intracellular routes of dermal and epidermal tissues. 

Appearance of PG in Dermal Tissues IR spectra of PG 
on the dermal side were measured with skin samples which 
have been treated with 0. 1 5 m oleic acid in PG on the stratum 
corneum for either 5min, 15min, 30min or 2h, and with 
an untreated skin sample. The results are shown in Figs. 
3A and 3B. The IR spectrum of the pure PG sample 
spanning the region from 1200 to 800 cm" 1 is also shown 
in Fig. 3C. As indicated, the spectrum obtained following 
2h of treatment of the stratum corneum with 0.15 m oleic 
acid, for example, was consistent with that of the pure PG 
sample, and was thus identified as the spectrum resulting 
from PG molecules. Therefore, the peak with the highest 
intensity in the absorption band at 1043 cm" 1 was selected 
for further study of the appearance of PG in dermal tissues. 
As seen in Fig. 3A, the peak resulting from PG molecules 
appeared following treatment with 0.15m oleic acid in PG 
for 30min, and the intensity of the peak increased further 
with the 2h of treatment. However, before and following 
the 5 and 1 5 min exposure to the 0. 1 5 M oleic acid/PG system, 
the spectra did not show any peak resulting from PG 
molecules. PG alone did not cause any change in absorbance 
at 1043 cm"" 1 following the 2h of treatment as compared 
with the untreated sample. These results indicate that PG 
molecules, when used in combination with oleic acid, 
penetrated the dermal tissues through the epidermal tissues, 
and this appearance could take at least 30 min. Penetration 
of PG molecules through the skin has been reported in 
several studies which involved the use of two-compartment 
diffusion cells. 13 " 15) In these studies, however, they only 
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described the behavior of PG molecules which appeared in 
the receiver compartment after the diffusion rate became 
constant, or they only compared the total amount of PG 
which penetrated the skin between systems with the 
penetration enhancer, but without any additives (control). 
Another point to be made here is that it may. be possible 
to calculate the measurement of the steady state level, where 
the diffusion rate is constant, from the results of the 
appearance of solutes in the receiver compartment, but the 
time for reaching the steady state must be obtained by the 
plot of the amount of solutes penetrated against time. 
However, our results suggest that one could use FT-IR/ATR 
spectroscopy to directly measure the time for the steady 
state level to be attained by pursuing the behavior of the 
PG which appeared in dermal tissues. 

In conclusion, FT-IR/ATR analysis of rat stratum 
corneum demonstrated that the oleic acid/PG system could 
perturb the stratum corneum lipid structures by extracting 
the lipids. The appearance of PG in dermal tissues following 
treatment of the stratum corneum with 0.15 m oleic acid in 
PG suggested that the reorganization of lipid domains due 
to the lipid extraction by the oleic acid/PG system helped 
PG molecules enter the dermal tissues. It was also suggested 
that the effective volume within the stratum corneum for 
solutes and/or solvents which could penetrate through the 
inter-, and intracellular routes could be altered in 
conjunction with structural changes of the lipids following 
treatment with the oleic acid/PG system. 
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Abstract □ Oxymorphone is a candidate for transdermal delivery since 
it is a very potent analgesic,. is not very effective orally, and. has a short 
duration of action. In developing a transdermal delivery system, two 
criteria that were considered important were achieving adequate flux and 
minimizing the lag time. Oxymorphone skin permeation rates in vitro 
were very low unless skin permeation enhancers were included in the 
vehicle. After an initial screen of 17 formulations, two skin permeation- 
ehhancing formulations were selected fbr further study. These were 
myristic acidiprbpylene glycolioxymorphone base (A) f . and 
docylmethylsulfoxide;ethanol^vater:oxymorphono -• HCI (B). With either 
formulation and either human or hairless guinea pig skin, there was little 
dependence of either in vitro flux or lag time on the section of skin used 
(stratum, comeum* epidermis, epidermis/derrnjs). There were significant 
differences between human skin and hairless guinea pig skin when 
comparing in vitro fluxes with the two formulations. With formulation A, 
fluxes through hairless guinea pig skin were three- to fivefold greater than 
through human skin. With B, however, fluxes through human skin were 
up to fivefold greater than through hairless guinea pig skin. In vitro lag 
times with A were generally long (^24 h). whereas those with B were 
much lower (»1 to 10 h). The species dependence of. permeation 
enhancement and the differences in lag time between formulations could 
be related to differences in.the mechanisms of permeation enhancement. 
In vivo fag times with the fatty add:propylene glycol vehicle were 
estimated in hairless guinea pigs based on plasma oxymorphone 
concentrations; These were much lower than In vitro lag times.; .'. 



The opioid analgesics are effective for alleviating moderate 
to severe pain. They are u$ed primarily for postoperative and 
cancer pain. Many of the opioid analgesics are. candidates for 
transdermal delivery because they are effective at low doses 
when administered by injection, but have, low oral bioavail- 
ability:. Oxymorphone (oxymorphone • HCI, Numorphan, Du 
Pont Pharmaceuticals) is one of these opioid analgesics. The 
recommended doses by injection are 1 to 1,5 mg every 4 to 6 
h. No oral dosage form is available in the U.S., possibly 
because oral oxymorphone is much less effective than im 
oxymorphone, 1 A transdermal delivery system providing 
continuous oxymorphone delivery over a 24rh period might be 
preferred by patients as an alternative or supplement to 
injected opioid analgesics. 

One criterion in developing a transdermal oxymorphone 
delivery system was to achieve adequate skin permeation. 
Preliminary experiments showed that oxymorphone diffused 
through human skin very slowly unless skin permeation 
enhancers were coadministered. In addition, a marketing 
concern was that a rapid onset of analgesic effect would be 
desirable for postsurgical use, so minimizing the lag time 
became a second criterion in formulation development. In this 
study we initially evaluated in vitro skin permeation using 17 
formulations of various compositions, but generally including 
one of two types of skin permeation enhancers. One type of 
formulation contained oxymorphone base in a fatty acid:pro- 
pylene glycol vehicle. In a previous study, various skin 



permeation enhancers were screened for their effects on 
naloxone skin permeability. 2 Naloxone is structurally similar 
to oxymorphone, but is pharmacologically an opioid antago- 
nist. Naloxone skin penetration rates were markedly in- 
creased by propylene glycol vehicles containing fatty acids as 
permeation enhancers. 2 The other formulation approach was 
to use oxymorphone : HCI in a wateriethanol vehicle contain- 
ing decylrhethylsulfoxide as a skin permeation enhancer. 
Several studies*-* have . shown that decylmethylsulfoxide 
preferentially, increases skin permeability to polar solutes. 
Ethanol has also been proposed to increase skin permeability 
of polar solutes via solvent channel pathways, figuratively 
referred to as pores.? In contrast, it is thought that the fatty 
acid:propylene glycol vehicles increase diffusion through the 
intercellular lipid matrix.^ 8 An objective of this study was te 
compare these two i types of formulations with regard to 
oxymorphone flux and lag: time, since their mechanisms of 
skin permeation enhancement may differ. 

Another question we addressed was whether in vitro lag 
times depend on the skin section used. When a drug is applied 
to skin ih Vivo, the infinite sink is provided by the bipod 
supply, which is at the level of the epidermsydermis junction. 
It was thought that in vitro lag times could overestimate . the 
ih vivo lag times if the skin used for in vi tro studies included 
the dermal layer. We therefore compared in vitro lag times 
using stratum cprneum, epidermis, and epidernuWdermis 
sections from both human and hairless guinea pig skin 

As mentioned previously, one formulation goal was to 
minimize the lag time in vivo. There is little information, in 
the literature on whether iii vitro skin permeation lag times 
correspond to in vivo lag times. This may be^iise lag times 
are usually of minor concern - for other drugs or for chronic 
uses, because the lag time of a second dose is offset by the drug 
still leaching from the skin from the previously applied dose. 
We have compared the in vitro and in vivo lag times with one 
of these formulations. In vivo lag times were estimated by 
measuring plasma oxymorphone concentrations in a hairless 
guinea pig model. 

Experimental Section ... 

Materials and Formulations — Oxymorphone HCI and oxymor- 
phone base were supplied by Du Pont Pharmaceuticals (Wilmington, 
DE). Myristic acid was supplied by Emery Industries, Cincinnati, OH 
(Emery 655). n-Decylmethylsulfoxide was obtained from Wateree 
Chemical Company (Camden, SC). Propylene glycol (PG), polyethyl- 
ene glycol 400 (PEG 400), ethanol, and water were used as the 
solvents; Formulations were prepared by first dissolving the adjuvant 
(myristic acid or decylmethylsulfoxide) in the solvent. Oxymorphone 
base or oxymorphone * HCI was then added, either at a set concen- 
tration or until the solubility limit was reached. Complete formula- 
tion compositions are listed in the tables. These formulations were 
used for in vitro and in vivo skin permeation experiments. 

Skin Permeation In Vitro— Diffusion rates across excised human 
skin and hairless guinea pig skin were measured using glass diffusion 
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cell* The reservoir was warmed tp 37 ;°G with either, a circulating;. 
. water jacket or dry block titter and.continUo^ 
used as the reservoir solution. The drug donor compartment was riot 
stirred or heated. For most experiments, the i skin surface area 
available for diffusion was 2.5 cm 2 , the reservoir yolume was 7-9 mL, 
and the drug donor volume was 6;5 mL. Smaller diffusion cells were 
used in the experiments with stratum corneum. In those cases, the 
skin surface area was 1.1 cm 2 , andi the reservoir volume was 4-5 mL, 
and 0.1 mL of drug donor solution was applied; The donor compart- 
ment was covered to minimize solvent evaporation. . 

Excised human skin specimens were obtained from an organ bank. 
The skin was from 21 donors having an average age of 35.4 years (SD 
- 13.5 years; range = 16-66 years). All donors were Caucasian and 
six were female. Most specimens were from thigh and calf sites, and 
a few specimens were from the back. Excised skin from hairless 
guinea pigs was also used for in vitro skin permeation studies. Male 
hairless guinea pigs (IAF strain, Charles River, Lakeview, NJ) 
weighing 400^-700 g were euthanitized by ether overdose* Skin was 
removed from the dorsal midsection and rinsed with saline.. . 

Human skin specimens were supplied at a thickness of — 0.4 mm, 
so the full epidermis and part of the dermis was intact; All excised 
hairless guinea pig skin specimens were cut .to 0.7 mm thickness 
with a dermatome. The 0.4-mm human skin specimens and the 
0.7-mra hairless guinea pig specimens are subsequently, referred to 
as "epidermis/dermis" specimens. Epidermis from human and 
hairless guinea pig-skin was isolated by immersion of the epider- 
mis/dermis specimens in a beaker of 60 °C water for 1 min, after 
Which the epidermis and dermis could be manually pulled apart: 
Stratum corneum was isolated from epidermis/dermis specimens 
by trypsin digestion of the underlying layers. Specimens were laid 
onto filter paper soaked with a solution of 0.5% trypsin (Sigma type 
II, 1330 BAEE U/mg activity) in 6.1 M, pH 7.4 phosphate buffer; 
After 2 h, the skin specimen was rinsed with saline. During the 
rinse, the digested portions were removed, leaving an intact 
stratum corneum layer. 

In the diffusion studies, the entire reservoir volume was removed 
at the various sampling times and was replaced with drug-free saline. 
The amount permeating was calculated as the oxymorphone concen- 
tration multiplied by the reservoir volume. For each skin specimen, 
the amount permeating was plotted versus time, and the slope and 
intercept of the linear portion of the plot was derived by regression. 
Oxymorphone flux was calculated as the slope divided by the skin 
surface area.* The intercept on the x-axis was taken as the lag time. 

In Vivo Permeation Study— Hairless guinea pigs were dosed with 
oxymorphone transdermally, and plasma oxymorphone concentra- 
tions were determined. The dosing solution (Q.25 mL) was pipetted 
onto the cotton swatch of a circular plastic chamber having an 
adhesiye tape overlay (Hill Top Chamber, Hill Top Research, Cin- 
cinnati, OH). The surface area for diffusion was 2.5 cm 3 . The delivery 
systems were applied oh one side of the back of the hairless guinea 
pigs 'and were held in place by porous adhesive tape wrapped 
completely around the hairless guinea pig's midsection: The patch 
and wrap remained intact for 48 h. Blood samples (3 mL) were 
collected by cardiac puncture, under ether anesthesia, into heparin- 
ized tubes. Of eight animals that were dosed, four had blood samples 
taken at 0, 1, 4, 8, and 32 h, and four had samples taken at 0,2, 6, 24, 
and 48 h. Plasma was separated and frozen until analyzed. 

Analytical— All oxymorphone concentrations were determined by 
HPLC. For the in vitro diffusion studies, the solutions were either 
injected directly onto the HPLC or they were diluted and then, 
injected. An octylsilane column (Zorbax C8, Du Pont) was used. The 
mobile phase contained 90% 0.2 M sodium perchlorate:0:005 M 
sodium citrate buffer, pH 5, and 10% acetonitrile, the flow rate was 
1.4 mLfrnin, and detection was by UV absOrbance at 280 nra. 

For plasma oxymorphone determinations, 0.5-mL aliquots were 
transferred to glass centrifuge tubes. A 50-/4L volume of a l-/ig/mL 
solution of nalorphine was added as an internal standard, and 0.5 mL 
of pH 9.3 carbonate buffer was added. Extraction was into 4 mL of 
anhydrous ethyl ether by yortexing. After centrifugihg, the ether 
layer was transferred to tubes containing 200 /iL of 0.02 M phosphoric . 
acid. After yortexing and centrifuging, the ether was removed and 50 
/xL of the phosphoric acid phase was injected onto the HPLC. In this 
assay, the: mobile phase contained 10% methanol, 7% acetonitrile, 
0.17 g/L of disodium EDTA, and 83% 0.07 M KH 2 P0 4 , and the flow 
rate was 1 ml/min. Electrochemical detection at an applied potential 
of +0.90 V was employed with a glassy carbon electrode. Average 



retention times. for. oxymorphone and; nalorphine were 6.5 and- 12.5 
min* respectively: • - • / ». 

Results 

Formulation Screening—The goal of the initial studies 
was to identify formulations providing high rates of oj^anorr 
phone skin permeation. Humari skin epidennia/dermis specr 
imens (0:4 mm thick) were used. The anticipated dose; rer 
quired for analgesia was 10 mg/24 h, or 6:4 mg/h, based on the 
recommended injection dosing regimen. This is approxi- 
mately the same as the doses selfcadministered by patients 
recovering from cesarean delivery or orthopedic surgery 
using patient-controlled devices;?: Assujning the optimum 
surface area of a transdermal patch would be 10-20 cm 2 , the 
required flux would be 20^-40 /ig/cm 2 -h. This was the tar- 
geted flux. The approaches were to UBe myristic acid or 
decylmethylsulfoxide as rjermeatipn enhancers. Formula- 
tions, their designations, and results are summarized in Table 
L Myristic acid markedly enhanced the flux of oxymorphone 
base, using a propylene glycol vehicle; (I versus II). A formu- 
lation containing 10% oxymorphone base and 10% myristic 
acid in propylene glycol (IH) provided fluxes at the high end 
of the targeted range, although lag times were long («24 h). 
Flux was lower for myristic acid:PEG 400 (IV), ethknol (V), 
and myristic acifrethanpl (VD vehicles containing oxymor- 
phone base. A combination of myristic acid, etnanol, and 
propylene glycol (VII) was quite effective in enhancing oxy- 
morphone base flux, but the lag times were still long. 

Propylene glycol vehicles containing oxymorphone • HC1 
were also studied. Surprisingly, flux from the salt form was 
approximately equal to that from vehicles containing oxy- 
morphone base (Vm versus I). However, the permeation- 
enhancing effect of myristic acid in PG was much lower for 
oxymorphone • HC1 (sevenfold, VIII versus IX) than for oxy- 
morphone base (85-fold, I versus II). 

The second general type of permeation^nhancing vehicle 
employed decylmethylsulfoxide in an ethanohwater solvent. 
Ethanol enabled solubilization of decylmethylsulfoxide, and 
water was useful for dissolving oxymorphone • HC1. In the 
absence of decylmethylsulfoxide, oxymorphone * HG1 perme- 
ated: the. skin relatively slowly (formulation X). Addition of 
5% decyimethylsulfoxide to the vehicle (XI) increased oxy- 
morphone flux >100Q-fold. The skin permeation rates were 
related to the concentrations of both decylmethylsulfoxide (XI 
versus XII) and oxymorphone • HC1 (XI versus XIII). Oxy- 
morphone base in an ethanol: water solvent permeated skin 
much more rapidly than oxymorphone • HC1 from ethanol: 
water (XIV versus X).. However, 1% decylmethylsulfoxide 
decreased, rather than increased, oxymorphone base flux 
from the ethanohwater vehicle (XV). Since the solubility pf 
oxymorphone base was <10% in both XIV and XV vehicles, 
one possible effect of decylmethylsulfoxide was to decrease the 
solubility of oxymorphone base. Oxymorphone base was less 
susceptible to enhancement by 1% decylmethylsulfoxide than 
oxymorphone HC1 (XV versus XII). However* vehicles con- 
taining 2% decylmethylsulfoxide and either 2% oxymorphone 
base (XVI) or 2% pxymprphpne ; HC1 (XVII) in ethanohwater 
gave reasonably high flux values and low lag times. Flux from 
the oxymorphone base formulation was again lower than from 
the oxymorphone • HC1 formulation. That containing the HC1 
salt (XVII) was chosen for further study. 

Isolated: Skin Sections— Formulations in (oxymorphone 
base:myristic acid:PG) and XVII (oxymorphone • 
HGi:decyimethylsulfoxide:ethanol: water) were : comparable 
in providing skin permeation rates greater than the targeted 
flux, but were different in lag times. Ayerlage diffusion profiles 
with these formulations are compared: in Figure 1. The next 
questions were (i ) whether the in vitro lag times depend on 



Journal of Pharmaceutical Sciences J 1 073 
Vol. 79, No. 12, December 1.990 



Table l in Vitro Oxymorphone Permeation through Human Epldermls/Dermls from Various Formulations 



Designation 



Formulation* 



Flux, aa/cm 2 •. h 


Laa Tim©, h 


n b 


4 4*'.J ft i 

.1.1 x Q.i 


26.8 ± 2.3 ... 


■ ft" 
o 


93.5 ±24.4 


24.3 ± 3.0 


6 


40.9 ± 16.7 • 


24.7 ±1.8 


8 


2.3 ±1,3 


2 . 2 ±1.0 


.3 


i3.i ± £.7 


7.4 ± 1 .4 


A 


19.1 ±6.3 


8.3 ± 3.2 


4 


., ro.U ± iU.2 


AT A A 1 

1 7.4 ± 4.1 


- o 


0.9 ± 0.3 


2.8 ±1.8 


4 


6.0 ± 0.5 


23.4 ±1:6 


4 


n a 4- n 1 • 
U.«r — U.l 


O.l — O.O 




583.0 ±175.6 


5:8 ± 2.4 


5 


119,5 ±61 .3 


9.2 ±4.0 


5 


85.8 ± 8.2 


4.9 ±1.4 


3 


26.3 ± 4.5 


0.9 ±0.5 


4 


5.4 ±0.8 


4.8 ±3.6 . 


4 


41 .7 ± 18.1 


1,4 ± 0.6 


6 


114.9 ± 36.8 


3.7 ±1.5 . 


■"5 



I 

II 

: III 
IV 

v- 

VI 
VII 

VIII. 
IX 
X 
XI 

XII 

XIII 
XIV 
XV 

XVI 
XVII 



Excess base in PQ 

Excess base in myristlc add:PQ (10:90) 
Base;myrlstic add:PG (10:10:80) 
Excess base In myristlc acid.PEG 

(10:90) 
Excess base in ethanol . 
Base*:my?fetic ecid;ethanol (10:10:80) . 
Base:myristic acid:ethanol:PG 

(10:10:40:40) 
Excess HCI in PG 
HCI:myristic aeid:PG (10:10:80) 
HCI:ethanol.-water (10:45:45): 
HCI:C,oMSO:ethanolwater 

(10:5:42.5:42:5) : 
HCI:C 10 MSIO:84hano!.-water . . . 

(10:1:44.5:44.5)-' 
HCI:6 10 Ms6:ema^ . 
Base c :ethanoJ^ater (i0;45:45) 
Base c .*C 10 MS0 .ethanol water 

(10:1:44.5:44.5) Vv.-! 
Base:C 10 MSO:ethahol:water (2:2:48:48) 
HCI:C^ 0 MSO:ethanol water (2:2:48:48) 



. * Abbreviations: Base, oxymorphone base; HCI. oxymorphone • HCI; PG, propylene glycol; PEG, polyethylene glycol 400; C n0 MSO, decylmeth- 
ylsulfoxide; ratios represent weights. 6 Data are mean ±SE of n number of experiments, usually using skin from n number of different donors. e .Drug 
was added' to 10%, but was not completely soluble at ^ 
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Figure 1— Averaged (+SE) permeation profiles for formulations III (#, ; 
n = 8) and XVII (A, h » 5) using human epidermis/dermis in vitro. : 

the section of skin used in the study, and (2) whether in vitro 
lag times correspond to in vivo lag times. Oxymorphone skin 
permeation was characterized using isolated skin sections 



(epidermis and stratum corneum) for formulations III and 
XVII. In addition to human skin, hairless guinea pig skin and 
skin' sections were. used. These results are suminarized in 
Table II. Although the average flux varied two- to threefold, 
depending on which skin sections were used, these differences 
were hot statistically significant (p > 0:05, i test) for either 
formulation with skin from either species. An unexpected 
finding was that hairless guinea pig skin was more permeable 
than, human skin, for formulation III, whereas human skin 
was more permeable when formulation XVII was used. The 
lag times showed a similar, although less pronounced trend. 
That is, with formulation HI, the lag times for! human skin 
and skin sections were generally greater than for hairless 
guinea pig skin, but with formulation XVII, -lag times, for 
human skin were lower than for, hairless guinea pig skin. 
There was just one significant different in lag times among 
the full-skin specimens, epidermis, and stratum corneum 
within any formulation and species group. For formulation 
HI, the lag time with epidermis was significantly lower than 
that for epidermis/dermis. The lag tame with stratum cor- 
neum was not different from that with epidermis/dermis, so 
the lag times were not related to the thickness of the 
membrane. These data would suggest that the stratum 
corneum is the rate-limiting barrier to oxymorphone perme- 
ation with either formulation or species. . 

In Vivo Skin Permeation— Formulation III (oxymorphone 
base:myristic acid:PG) was applied to hairless guinea pigs 
and plasma oxymorphone levels, were determined over a 48-h 



Table II— Oxymorphone Skin Permeation Characteristics for Various Skin Sections 



. Section . 


Formulation III" 


Formulation XVII* 


Flux, /ig/cm 2 ■ h 


Lag Time, h . 


Flux,/i^chrl ! n 


Lag Time, h 


Human epidermis/dermis (0.4 mm) 

Human epidermis 

Human stratum corneum : . 

Hairless guinea pig epidermis/dermis (0.7 mm) 

Hairless guinea pig epidermis 

Hairless guinea pig stratum corneum 


40.9 ± 10.7 
78.4 ± 27.2 
59.2 ± 22.9 
195.1 ±43.6 
275.6 ± 22.6 
200.6 ±13.7 


24.7 ±1.8 
12.9 ± 3.9 
21.7 ±0.9 
17.7 ±4.7 
4.5 ± 0.1 
9.4 ±2:4 


162.3 ±51.9 
105.3 ± 54.9 
45:8 ±1.7 
30.6 ± 24.3 
21.9 ±3.8 
41.6 ±18.3 


3.7 ±1.5 
2.1 ±0.9 
0.7 ±0.6 
13.1 ±4:2 
3.1 ± 1:4 
5.9 + 3.3 



Oxymorphone base;myristic acid:propylene glycol (10:10:80). to Oxymorphone • HCI:decylniethylsulfoxlde:othanol water (2:2:48:48). 
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period. As shown iriPigjire 2, the in yiVo lag time was between 
2 and 4 h. No animals had detectable plasma pxymorphone 
concentrations at 2 h, but all had measurable levels at 4 h. In 
vivo there is also a pharmacokinetic lag time, as would be 
seen during constant iv infusion dosing, during which plasma 
concentrations rise torn, zero to some detectable level arid 
eventually to steady state. Thus, the true diffusions! lag time 
in vivo may be even shorter than 2-^4 h. It appears, then, that 
in this case the in vitro lag times were not predictive of in vivo 
lag. times, regardless of the skin section used in vitro. Plasma 
oxymorphone concentrations reached an apparent steady- 
state level and then declined, probably as the drug was 
depleted from the delivery system. 

Discussion 

Formulation of a transdermal drug delivery system re- 
quires optimizing flux while maintaining ^ minimum skin 
irritation and sensitization potential. In developing a trans- 
dermal system for the opioid analgesic oxymorphone, we were 
also concerned with minimizing the diffusional lag time so 
that the onset of analgesia would not be prolonged. The goals 
of this work, inadditipn to optimizing oxymorphone flux, were 
(i) to compare lag times with different types of permeation- 
enhancing formulations, (2) to see whether in vitro lag times 
depend on the thickness of skin section used, and (3) to 
compare in vitro and in vivo lag times in an animal model. 

Skin permeation enhancement was required for transder- 
mal oxymorphone delivery to be . feasible. In the absence of a 
permeation enhancer, oxymorphone flux through human skin 
in vitro was very low. Two types of permeation-enhancing 
vehicles were evaluated: myristic acid (a fatty acid) in 
propylene glycol, and decylmethylsulfoxide in ethanoi:water. 
Fatty acids have been shown to enhance the skin permeation 
rates of various compounds, and were especially effective 
when the solvent was propylene glycol. 8 * 10 The mechanism of 
barrier disruption appears to involve the lipids; which are 
tightly packed together within the intercellular spaces of the 
stratum corneum. Among the evidence supporting this hy- 
pothesis is the study of Golden et al. 1 ? in which oleic acid 
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Figure 2— Plasma oxymorphone concentrations in hairless guinea pigs 
dosed transdermal^ with 0.25 mL of formulation III on a 2.5-cm 2 area. 
Each data point Is the mean +SE of four animals.; 



treatment of stratum corneum decreased the ^ phase;transition 
temperature of the lipids [which wa£ determined using <Jifr 
ferential scanning calorimetry (DSG)arid infrared spectros- 
copy] and caused proportional changes in permeability to 
salicylic acid. These results are consistent with the idea that 
the most effective fatty acid skin permeation enhancers have 
hydrophobic tails* unlike those of the normal skin lipids 
(which are predominantly saturated ajkyl groups of 16 or 
more carbon atoms), since they would be expected to be most 
disruptive of their packed structure. 12 ^ Fatty acids enhanced 
the permeation of nonpolar solutes more than , that of . polar 
solutes A In contrast, several studies have shown that decyl- 
methylsulfoxide enhances skin permeation of polar solutes 
more, than that of nonpolar solutes. 3 -*' 14 The enhancement 
with aqueous vehicles was much greater than with propylene 
glycol .vehicles. 14 The mechanism of action of decylmethyl- 
sulfoxide on skin i& not known, but results from DSC sug- 
gested it interacts with both proteins and lipids in the stratum 
corneum. 8 Various sulfoxides were shown to convert stratum 
corneum proteins from ain alpha helix to a /3-sheet conforma- 
tibn. 18 The mechanism of skin permeation enhancement with 
ethanol is also, not yet dearly understood" Bemer et al. 
snowed a linear correlation between ethanol and nitroglyc- 
erin fluxes, and suggested that ethanol increased skin per- 
meation rates by increasing the drug solubility in the skin." 
Because aqueousrethanol vehicles increased the flux of highly 
polar (mannitol) and ionic (tetraethylammonium bromide) 
solutes, Ghanem et al. proposed that new "pores" were 
formed. 8 These ^res" may be solvent-filled channels, and 
the mechanism of permeation enhancement may be solvent 
drag, wherein the solute flux is driven by the solvent flow. In 
such a situation, when partitioning into the lipophilic mem- 
brane is not involved, charged solutes can permeate. 

Our results oh enhancing oxymorphone skin permeation 
are consistent with, the proposed mechanisms of the various 
enhancers. Myristic acidrPG increased the flux of oxymor- 
phone base more than that of oxymorphone • HC1, suggesting 
selective enhancement of the nonpolar route. Lag times were 
long with these formulations, possibly because it takes time 
for the fatty acid to penetrate the skin and interact with the 
skin lipids, as suggested previously. 10 The decylmethylsul- 
foxide:ethanol:water vehicles also greatly increased oxymor- 
phone flux, and the enhancement was greater for the HC1 salt 
than for the free base. This is consistent with a mechanism 
involving formation of solvent channels. Lag time values 
were lower overall than with myristic acid:PG vehicles; this 
is also expected for a solvent channel mechanism. 16 

One of the applications of animal, models in percutaneous 
absorption evaluation is for in vitro-rin vivo correlations. The 
hairless guinea pig used in these studies is a fairly large 
rodent, so serial 3-mL blood samples could be taken. It was not 
unexpected that oxymorphone flux through human skin 
would differ from flux through hairless guinea pig skin. 
However, there was not even a. rank order relationship for 
vehicles containing permeation enhancers. The myrisjtic 
acidrPG formulation had a greater enhancing effect on hair- 
less guinea pig skin than human skin, whereas the decyl- 
methylsulfoxiderethanolrwater vehicles had a greater effect 
on human skin (Table II). Bond and Barry similarly showed 
that there was no consistent relationship between permeation 
enhancer effects on hairless mouse and human skin. 1 7 - 18 
Furthermore, there was not a good correlation between the in 
vitro lag times using various hairless guinea pig skin sections 
and the apparent in vivo lag time for appearance of oxymor- 
phone in the blood. The lag times in vivo appeared shorter 
than in vitro. A similar absence of correlation between in 
vitro lag times and in vivo drug appearance in blood was 
recently described for coumarin skin permeation rates using 
various absorption promoters in rats. 19 Therefore, the poten-. 
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tial use of rddenfc ^imal models even for in vitamin vivo 
cprjelationa. may be<limite<J; 

. : In: vitro flux with human skin is generally believed to 
. correlate with in vivo flux when the stratum corneum is the 
rate^imitmg step for absorption,? 0 ^ 2 * so transdermal formu- 
lation development can. be done using in vitro studies. Based 
on the in vitro flux^ with human skin, transdermal oxymor- 
phone "delivery seems feasible in thai the delivery of doses 
equivalent to analgesic im doses can be achieved. A remain- 
ing unanswered question is whether the two types of formu- 
lations described here have different lag times in vivo.: In 
addition, as always, the irritation and sensitization potential 
of any transdermal formulation has to be evaluated. 
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Dimethyl sulfoxide's (DMSO) concentrationTdcpemdenc 
influences on its own permeation rate through hairless mouse 
skin and on the Goncurrent permeation, rates, of water and 
the antiviral drug vidarabine (ara-A) have been studied at 
37°C using : in vitro ^diffusion cells. Solubilities of ara-A in 
pM$ 0-water mix til res were also deter mined in order to 
assess ara-A's relative thermodynamic activity in the binary 
solvent media; used in. the mass transfer studies' Solubilities 
increased; exponentially with increasing percentages off 
DMSO. Activity coefficiehts^decreased accordingly. When 
the same DMSO medium was placed in each side of dif- 
fusion cell (balanced solvent configuration) permeability 
coefficients for ara^ A decreased exactly as ara-A's solubility 
increased up to a 50% DMSO concentration, indicating 
the observed decreases in the mass transfer coefficients have 
thermodynamic origins. When DMSO. media were placed 
in either the donor or receiver side of the cell up to the 



same 50% concentration point and opposed by a iiormi|; 
saline: medium on the other side j^syntmetric solvent eo|i| : 
figurations), the; permeabili ty of ara-A did -not decre^eaMl 
at some DMSO levels was substantially increased, behayi<or, : 
in marked: departure from tliermodynamic control Tl|e , 
behavior disparity between the 2 configurations of the cell 
suggests that cross-currents of solvents play a role in 
permeability enhancement. Regardless of solvent 



gr 



uratibn,. permeability coefficients for ara-?A at 90 and ;t00%sg 



DMSO strengths were exaggeratedly large, consistent w 
severe impairrnent of the stratum corneum. Similar byei 
permeability behavior was observed for the 3 ;sdlven:t^yi; 
water arid DMSO. Possible underlying mechanisms 
these effects and the relative importance of the various: ; 
mechanisms of DMSO enhancement as a function -pfl 
DMSO's concentration and configuration are d is 
Invest Dermatol 89:214-280, 1987 




espite the fact that vidarabine (ara-A) has been used 
successfully by injection in the treatment of herpes 
infections [1,2], the local application of ara-A to 
control herpes simplex manifestations of the skin; 
has not been altogether successful. Ando and col- 
leagues [3,4] suggested that the low efficacy of topical ara-A is 
due to an extremely low permeability of ara-A through skin. In 
this regard. ara-A and its antiviral: analogs: ha ve several suboptimal 
properties for local administration that cannot be overlooked. 
Vidarabine for instance, is an; extremely polar, relatively large 
molecule, sugges ting.it should be very difficult to deliver through 
a membrane structure as compact and functionally nonpolar as 
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the stratum corneum. Because of this difficulty, skiir pcrmeationf 
enhancing solvents have been *ried clinically 'in hopes- of imjv 
proving the clinical effectiveness of such agents [5/>]. Since di- 
methyl sulfoxide (DMSO) has been the principal solvent etescn 
fbr this purpose, and since it nas been shown to alter and enhah^l 
the skin permeability of other compounds [7-10], DMSO has 
been evaluated as a promoting agent of ara-A's permeation. SjpeJl; 
cific objectives were to determine the effect of DMSO on the! 
permeation rate of ara-A in vitro (hairless mouse skin) and, gen- 
erally^ to explore the thermodynamic and -kinetic limits ofaetiffii| 
of DMSO in enhancing transport of this prototypical ; antiyifil| 
.nucleoside.. ' vlSR 

The permeability cbefTidein. P st , of ara-A through the skinj|| 
principal barrier layer; the stratum corneum, can be cxpliditlyl 
defined in terms of the effective thickness (h^), the effective: 
fusivity (D 4C ), and the effective partition coefficient (K, c ) between| 
the operative diffusional domain of the stratum corneum an|j| 
DMSO-watcr solutions: - : W 



D sc • K 



AC 



h 



1 J 



•»JS 



The terms h so D Sf . and K sc are indicated as effective because idgf 
not possible to separate these parameters experimentally ari^asSf 
sign them exact values; As Jong as the ex tenia! solvent contadtiii|l| 
the skiii does not concentrate in and alter the horny layer or doies,^ 
not occlude the skin: and hydrate the horny layer, the thicknHflj 
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ij\ of therStrStuni corn.cuiii .and die pennearitV difFusivityr, D sc , will 

tejemam unchanged, and equation !1 tan be written <as: 

%: = (constant) (Eq, 2) 

I partition coefficient, K, c , represents the ^quilibriiim dis- 

| jiMfiSion coefficient of tile perm cant (a ra- A in the; present studies) 
|3|?£t^een the phase of stratum corneum acting as the nia.ss.c.dn- 
f|iucting medium (conduit phase) and the externa] solvent, which 
i : jtt;| these studies, is water, DM SO, or DMSO^water mixtures, 
rfrje^viding that the sol vency of the conduit phase within the horny 
"Ja^r for ara-A is also unaffected by the external presence of 
■\ Di^Sp solvent, then the partition coefficient of ara-A should 
, : ::icg|tly reflect die changing affinity of the applied phase for ara^ 
; ; : ^:iai=;the strength of DMSO is jncreased. Behavior regimes- in 
j ^hifch ajl these critical assumptions apply are evident upon com- 
jparing solubility and permeability trends. This was done previ- 
•r^sly tor alkaiiols 1 1 1 J and it was observed that the skin was 
^^SirtjCted by DMSO to a 50% concentration as long as the 
: S;!SK^^: S ^1 vciit: was placed on both sides of the skin membrane. 

-.The mole fraction solubility* X 2 , of a pcrmeant as ara-A in the 
:E| : fPplk<l phase is related to its activity in solution, a^, by: 

Ijlftfl:; aw - y 2 X-a (Eq . 3) 

. ^hcre>2 ; is the acti vity coefficient. The acti vity, a 2i wi II be constant 
^iin5^uratcd : -spiunons> barring a change in trie crystal structure, 
If^l^fe^picrecniag^ concentrations of the solvents in a binary mix- 
^^£^4EC^l|.an5«(. Thus, at saturation, v^, the spJuteactivity cbef- 
fipent, must change oppositely and in proportion to changes in 
fll^jiiii order to maintain the product of and X 2 constant:. Since 
Iljjfe ^ ^rskm and providing % kJll is constant, the permeability 
ji|[c3<c^ticnt should decrease in exact proportion: to the solubility 
Ipncr^Bise Unless diffnsivity m the barrier tissues is : altered; Gqn- 
ll-lft^ty to this expectation indicates simple thermodynamic con- 
|llMl;M^c permeation process. Lack of conformity indicates in a 
fej^li^g^f^) way that there has been structural alteration within 
||i:|Kei:^membrane.. This critical test was applied to the data for ara- 
lil^fsiper-meauon. .of .'hairless mouse skin under various ciirarm- 
t^^^^ot qpctauon of the diffusion cell. 

M'pC' : ' MATERIALS AND METHODS 

;; ifeterials The key materials used in these studies were 'H- 
|- ; vi^arabirie (10. 1 Ci/mmol) and vidarabine, gifts from Warner 
r finikrt/Parkc-Davis, Ann Arbor, Michigan; and 3 H- water (0.6 
|3&^ni)^; MC^iinethyi -sulfoxide flO niCi/mmoJ), and a cpnimer-. 
j:j:a|l;;liqutd scintiilatipn cocktail (Aquasol) from New England Nu- 
drar^ Boston, Massachusetts. Normal saline (Abbot Laboratories, 
> North Ch icagp, Illinois) was used to make the permeation so~ 
li^jrions and a receiver solution component. Reagent grade cli- 
iiiethyi sulfoxide (Fisher Scientific Co., IFairlawn, New Jersey) 
l^^^ltlie -rothc'r solvent used for preparing the donor and receiver 
y|ffiS^^ ! ..:J.t was also used to prepare the media for the solubility 
|||jS3ies=i alolig -\vith double-distilled water. 

t ^Diffusion Gels Small glass diffusion cells, each consisting of 2 
Hfiai^ceils, were used. These had half-cell compartment volumes 
.;ipPfe5 ml and individually measured effective diffusional areas 
iji-gngiiig from 0.542-0.675 cnv?. Each half-cell had a sampling port 
Sj^t^cjn length and a stirring port of 3 cm. length. Motors (Hurst 
i|Mfg^ Co., Princeton, New jersey) mounted above the cell and 
I 'attached to stirring shafts passing through the stirring port were 
I :.iised- : to stir the media in the half-cells at 1 50 rpm. The stirring 
Ifihifts had small teflon propellers threaded onto their ends. Skin 
p membranes were placed between the half-cells and the unit was 
jSfiMped together by a spring clamp; The cells were then irri- 
^ier^ed in a 37°C bath so that only the sampling and stirring ports 
rlBnblce through the liquid surface. 

; ^^mbrane Preparation Male hairless mice 35-40 days of age 
;JpkifeC^ Research Institute, Temple University Medical Ccn- 
j^r^iiHriiiadclphia, Pennsylvania) were sacrificed by spinal cord 
. - dislocation and square sections of abdominal skin, approximately 
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3 cm in each dimension, were immediately excised.: Adhering: fat 
and other visceral debris were removed front the skill: undcrsur- 
face before the skin was completely cut from/ the animal. After 
placing the skiasections between the ha] f-celis, protruding, excess 
skin was trimmed off* The elapsed rime from sacrificeoitan animal 
to the beginning of a diffusion mn \yas a fevv; minutes. 

Permeation Procedure After assembly of a cell, the ;donor 
arid receiver sides were partially filled; (J ml) with the media for 
a given experiment. The media were^either normal saline, DMSO- 
water mixtures (30%, 50%, 75%, or 90% DMSO) pr neat DMSO. 
Some experiments were run with- the same medium in both com--: 
partments of the cell (balanced! configuration), .^hcreas mr bdier$- 
DMSO medium was- placed in either the donor or receiver half- 
cell and saline was; placed iiV the other side (asynimetric config- 
urations). Balancing the medium ■eliminates net dhTu si vc flows 
of the sol vents. By varying the placement of the DMSO media 
in the asynimetric configurations, DMSO was caused to diffuse 
both with aiici against the difTusivc direction of ara-A with net 
water diffusion opposing DMSO ['Is iii eacli case. The 2 asyminetric 
configurations allowed examination of the influence pfepneurrent 
diffusion of the solvents vyith or against ara^-A. 

The contents of a freshly filled cell were mixed for 5 min to 
temperature equilibration. Then 200 )x] samples fronr each celt 
side were counted to make certain there was no residual radip^ 
activity remaining ifrom. previous runs. This was strictly precau- 
tionary, because between runs, the cells were washed, rinsed; 
liberally, soaked in; permanganate cleaning solution overnight, 
and then cleaned again. The radioisotope free donor cbinpartnient 
was charged with 200 pX containing frOrti 1— 5 /iCi of radiolabeled: 
pcrmcant(s) and 200 pX of appropriate sol vent were added to the 
receiver. In studies; in which solvent flpvys thcmselyes vyere mear 
sured, the radiolabeled charge was; sometimes placed! in tbc hah^: 
cell contacting the derniis and diffusion was fpllpwed; frpnv re- 
ceiver to donor. 

Initial concentrations of the radiolabeled material were- based 
on samples withdrawn from the; half-cells 2 mm after adding the 
radiochemical charge. At every t CKX) s thereafter for a total of 
7000 s {usual case) or longer, 1 00 pX samples were drawn from 
the half-cell opposing that containing the radioactive pernvcant. 
Fresh; solvent of the appropriate composi tion was added to replace 
the solvent removed in sampling; and corrections iii sample con^ 
cen trations were made to accouut for the attending dilution in- 
volved. 

Samples were directly transferred to vials containing^ 10 ml of 
scintillation cocktail. These were assayed on a liquid scintiljation 
counter (Beck man LS 900() Scinuiiation Counter, Bcckman ln^ 
strum cuts, Fullcrtori, Galiforiiia), Each sample was counted for 
10 min. 

Data Analysis The concentration of radiolabel in the receiver 
half-cell was plotted as a function of time after correction was 
made for the dilution of sampling: The steady state region was 
identified graphically and the slope through the data in this region 
was estimated using ieast squares analysis. The permeability coef- 
ficient for a run was then calculated from: 



dc 
Ti 



A ■ AC 



(Bq. 4) 



where: 

P= permeability coefficient (crii/h)* 

V r ~ receiver volume (1.4 cm 3 ), 
dc 

rate of change ot 'concentration, (flux rate) 
^ in the receiver compartment fn, the 
s tead y s ta te (co un ts7 1 00 fil sample/ 1 0 
min counting time), 
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AC= 'initial radiochemical concentration in 
the donor chamber (counts/1 00; pX 
samplcAlO- min counting time), and 

: A„=? -diff\]isional >rca ; 

SolubUity Determinations Large excesses of crystalline ara- 
A were equilibrated: with die purc= solvents and binary solvent 
mixturesin well; stirred jacketed flasks set-upona magnetic stirrer. 
Samples from the ara-A slurries were withdrawn periodically by 
syringe .and? after couplings on a 'filter: holder;: were filtered: through 
fluoropore filters (MUlipbre Corp,, Bedford, Massachusetts) ha v- 
ihg a 0,5 fith pore size. This effectively removed all particulate: 
matter. The samples were appropriately diluted with Water and 
assayed. Sampling was continued until a solubility plateau was 
Obtained (Fig 1); 

High-performance liquid: chromatography (Waters Chroma- 
tography Divis^ Mijlipore Corp., Milford, Massachusetts) was 
used to assay for solubility. The mobile phase was: methanol: 
water, 20:80 • and the column Was a /t-Boridapak C-lfr reycrse- 
pha$£ type. Solvent was passed through the system at 2,0 ml/min 

'"VfVfli <lt~ 'fcllic £*/\T»'> riVo f-liA ra>ikn>in»> hvna riVir il t-viirv Standard 



at tins flow rate the retention; time was 4 miri; 
solutions of ara~ A were prepared in 1(1% DrVISO for calibration 
of the mtegratcd area at 254 nm. The injection volume for stan- 
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Figure 1. Solution profiles for ara-A in varying DMSO concentrations 
at 37^C as a function of time: 



Table L, Com parison of Permeability Coefficients of 
Vidarabine Administered to Hairless Mouse Skin [in Dimet 

Sulfoxide^- Water Media 



System (donorrreceivcr) 



V x 10* 



Rarib 



(A) : Salihe-saiine 

(B) Saliner-salinc • 


(3-16 ± 0.54) :X 
(3.10 ± 0.58) X 


10 w]f 

to • 


(A) 30%(Gjhl3) 2 SO^saHnc , 


(1:33 * :0.56) x 




(B)i 30^CH,)>S^ 
(A) 50%(CHs)2SO^saline 


(7v9^ :± 3.80) x 


10- * vis* 


(8,81 "± L80) x 




(B) 5rt)°/o(CH^ 


(6.19 ± 1.64) x 




(A) 75%(GH0 2 SeV5almc 


(5.15 ± \M) * 




(B) 75%(CH.i)2S0 4 -75%(GH>) 2 S04 


(1, 09 ± 6, 81) X 




(A) <;0%(CHj),SO4-saline: 


(5.1$ ± 2.46) x 


(B); 9O%(CH^)2S0,--9O o /b(CH,)2SO.i 


(5,57 -± 1.17) x 




(A) 10(l%(feH^S64-saiinc 


1,29 ± 6.2 




(B) J 00% (C^) 2 Sb4-- 100% (CH>) 2 S04 : 


18,9 ± 1.6 


4 • ■' 



In set A the dimethyl sulfoxide was- placed in the donor compartment only (on<r r 
of the two possible asymmetric cell configuran'Oni): In set B identical dit^Hyl , 
sulfoxide- solutions - we're .placed pn'rboth; sides thfe skin (balanced configurau'pi^ !; 

'AvcragcTof three results and standard ;d^ p^lsSIL;! 



dard and unknown solutions was 20 pA. The sensitivity ta^|;|: ; c 
the chromatographic system Was determined to be 0.1 :Mg/ m ^R| 
excellent linearity was: observed oyer the range of cbricentra|ic|^ 
used for assay. Areas from standard solutions were routin 
deter min cd prior to quantification of unknown samples* 



RESULTS 



.:.:ps;::;i 



Permeability coefficients obtained for ara-A in both the balanced : 
and the asymmetric solvent configurations of the cells are given- 
in Table; 1. the DMS(D media were placed in contact with-tli|. 
external (stratum; eorneum) surface of the skin in the asymniejtric;| 
mode in these experiments.: The ratios of the permeability icpefV 1; 
fieients in the 2 modes of operation iare given in the n^t^v^dg 
column. Data :fbr the 2 different asymmetric eprttlguratibns?bf 
cell are given -in Table 11. Ra tios o f the da ta for the "2$ Configurations ; .= 
are provided in the right-hand column. With the exception of the 
saiihe-to-salirie control experiment, data for the asymmetric con- j 
figuration with the organic solvent phase in contact with |.Ke 
stratum corneunr represent separate experiments. This- was^K 
cause matched samples of skin were taken from die ahinials and| 
compared as sets. The agreement in the results of common ex-^ 
peri men cs in the first and: second data sets is reasonable. 'v^-lp 
Data for the concurrent permeation of DMSO, water, aiidar^i 
A are given in Table 111. These experiments also involved ;tlt||| 
gathering of totally independent ara-A data; It can be seen^jtlia|| 



Tabic II. Comparison of Permeability Coefficients ;of ; r f || 
Vidarabine Administered to Hairless Mouse Skin in Dimethylfj 

Sulfoxide-Water Media 



System- (donor-receiver) 



V X JO 1 " 
i(cm/h) 



:Racirjlf 
(A)/(<t» 



(A) Satihc-saline 
(G) Salthe^saliueL 
(A) SO^/oCCH^zSO^salinc 
(G) SaVmc-30%(CVl3) 2 SO, 
(A) 50%(CHj) 2 Sb4-saJ!nc 
{£) Saline-50%(CH3)2SO^ 
(A) 75%(GH>) 2 S04-salmc 
(C) ! Saline-75% (CH 3 ) »S0 4 

(A) , 100%(GH 3 ) 2 SO,-S3lmc 

(B) Saline-100%(CW^,SO4 



(3:16 ± 0.34) x W 2 
(3.10 ± 0.58) X 10" 2 
(2.1 J ± 1,17) X TO- 2 
(4.89 -±- 3.11) X 10- 2 
(4.91 -± 2.44) X ,10-* 
(1. 32 ± 0 60) X 10"! 
(4.68 ± 1:48) X 10*- 1 
(1.53 ± 1.20) X tO" 1 
(8.12 ±1.91) X 10" 1 
(9.27 ± 1,78) X 10- 1 



i4;!|l| 

\ ... 



0M 

t it t 

oi": 



:4i06pa 



In these cases the:! sol vents: arc configured in the asymmetric ^ modalities. : 
the dimethyl .sulfoxide' media were in ; contact with th ! c : stratum xorncum. 
in set B' the dimct(i>4 suif6xidc media were placed against the dermal :$k 
skin membranes. 

•Average ol" three results and standard deviation. 



m*etii|S 
'where : is^4 
c.oC(thei?( 



1\ TjPTg 
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• Table illl. Concurrent Permeation Rate of Vidarabinc, Dimethyl Sulfoxide,; arid: Water Through Hairless Mouse Skin 



•:';?;«*;!••' i'" % F)imf»rhvl 
i:ii[t:.""» '9 ^r*U* i .»- L1 .*y » 

§iW Sulfoxide 

•„ ..." . .. 


I 


tomeability Coefficient X 10 3 


(cm/h)* 




P vidarabinc 1 ' 


V ' dimethyl sulfoxide* 




PH 2 O f 


:Z\ 0 


(3; 37 ± 1.19) X 10- 2 




1.30 ± 0.t8; 


1,90 ± 0.22 


1:5 


(145 ± 0.20) x ;j;o- 2 


(6.02 ± 0.72) x 10" 2 






* • % 30 


(3.90 ± 1.52) x 10~ 2 


(6.93: ± 3:00) X 10*- 2 


1.82 0.32; 


1.77 * 0.42: .. 


SK:?... -50 


(4.69 ± 1.70) x 10-' 


(9.98 ± 3:52) x Id-' 


1.-4$ ± 0.58: 


2;72 i- OJSS 


: W U ' 75 


(7.74 ± 1.22) x 10^' 


4.16 ± 1 11 


21. 4: ±. 16: 3 


65 .5 * i6Vi 


- * too 


1.09 ± 0. 10 


4. 13 ± 0.05 




150 ± 20 0 



ft 



l| 'Average of four results and standard deviation. 
p'^Donpr receiver.. 
\ ^Receiver donor. 

: r'Perincability coefficients of individual species identified by subscripts. 



"tk^st- asymmetric data, agree well with like data from the first 2 



sets. 



.. ■• *— ; 

,||SpIubHity dataware shown in Fig 1.. It is notable: that the solubility 
Equilibrium was achieved in a day's time in all instances. The 
plateaus (and plateau standard deviations) were 0.972 ± 0.016- 
ife 0.02, 2,71 ± 0,07, 5.72 .db 0.08* 44,5 ± 0,87, and 433 
SHli^gMfpr water, 15%, 30%; 50%, 75%^ and neat- DM SO 
respect*' 



lia=L : discussion 

-:::vX.:*-.: • s : - .: 

SrMignian [12] may have been the first to document the marked 
c^neentratibn dependency of DMSO's ability to enhance skin 
Wglfeation when he noted! that fluorescein's permeation of ex- 



;:*iV;,.x t "-::-j»v: u : 

il * "" .' - - 



O'rTl 

^• v ~t y C,:K;.. 

Sr. "*0,.; , . 
;. : ^»#|:: ; ;;;-- 

: 11; ' 
, Sib* ■ 



::.<j> :: - :; 



10M 



i 



;::<■ 



DMSO (Donor)/Saline (Receiver! - 






DMSO 
(Donor) 

£ DMSO 
" (Receiver) 



r 

0 



30 



"T" 

50 



75 



I I 

90 TOO 



DMSO Concentration (%) 



Comparison of permeability coefficients of ara-A tli rough hair> 
I^SSousc skin in DMSO-water media (DMSO-salinc). Closed antes, 
W&M$>0 nieidia were in contact with the stratum comeuin only; open circles, 
f DMSO media were placed on both sides of the skin. 



cised human skin membranes was. nil. until the concentration of 
DMSO in the medium used to apply fluorescein exceeded 50%. 
From there fluorescein's permeabili ty increased systematically and 
dramatically to a DMSO strength of 90%. Substantial; back dif- 
fusion of Water was also= noted by Kligman (12] and was given 
as the reason: the penetration rate dropped back between 90 and 
100% DMSO. Subsequendy; Sweeney 5 and colleagues [13} showed 
St took DMSO concentrations above 60%; to accelerate tritiated 
water's permeation of skin. Elfbaum and Laden demonstrated 
much the same to be true< for DMSO mediation of picric acid 
permeation of skin. [14] and, in related expenments, saw the same 
kind of con centra tibu dependency for the swelling of hair fibers 
[15], Wheahhg reactions of intact skin share, this general concent 
tration dependency [16]. More recently, work by Kurihara- 
Bergstrom and associates: [1 1] has shown that the; permeation 
behaviors of simple alkanols: as methanol. butanoJ, and octanoj 
through hairless mouse skin are similarly dependent; on DMSO's 
solution strength. The present experiments perforfned on hairless 
mouse skin- fu rther support the idea that it takes a highly enriched 
DMSO media to: produce pronounced enhancements of perme- 
ability. Being more detailed and systematic than most past-wprks, 
subtleties of behavior not previously apparent are also revealed. 
For example, although the data for the balanced and asymmetric 
con figurations, plotted in Fig 2; follow patterns chat fit expec- 
tations drawn; from the literature, these data also show that the ■■ 
manner of configuration of the solvent phases external' to the 
mouse skin has a .remarkable effect on permeation. 

hi the balanced" configuration; the permeability coefficient of 
ara-A systematically declines to 50% DMSO and remains: smaller 
than the permeability; coefficient from saline even to a 75% DMSO 
concentration. Extraordinarily large increases in pe;rineability are 
noted, however, when DMSO's strength' is: increased first to 90% 
and! dien to 100%; In the normal asymmetric^ configuration with 
DMSO iii contact with the stratum corneum, the pcrnieability 
coefficient drops slightly from the; value found in saline to that 
in 30% DMSO (not significant) and then increases sharply at the 
50% DMSO strength. In 50% DMSO it is over twice the mag- 
nitude of the reference saline^ value (p; < 0,01) and ; oyer 14 times, 
the value found for balanced configuration at 50%; DMSO [p < 
0.05). An eight-fold further increase is seen at 75% DMSO where 
the asymmetric value is now about 60 times higher than the value 
in the comparable balanced configuration, a highly statistically 
significant difference (p < 0.01). No further increase is rioted in 
permeability when the DMSO strength is raised to 90% , a con- 
centration at which, the curves for the asymmetric and balanced 
configurations intersect; In neat: DMSO the perinea bility coef- 
ficient in the asymmetric configuration is at its highest at 1.3 X 
10 ■- 3 cm/h. This is now a highly significant (p < O.QOt) 14. 6 times 
smaller than found in the balanced: mode, however; 

The decline 1 in permeability in the balanced: epnfiguratipri to 
the 50% DMSO concentration is due to an increasing ability of 
the increasingly coiicentrated DMSO media to solvate ara-A iJT'his 
ability is directly and relatively reflected accurately in solubility 
patterns. At any predetermined concentration of ara-A, the in- 
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Figure 3; Comparison of permeability coefficient and solubility of ara- 
A between water and 50% DM SO- water media. Closed circles permea- 
bility coefficients; open aretes, solubility. 



creasing /ability of: DMSQ enriched media to solvate the com-. 
;pound dirccti.y translates: to decreased stratum corneum- water 
partitioning, and everything else equal, propo rtionafly decreased 
flux, Thisis reflected directly in the permeability coefFicient, which 
is ai concentration normalized parameter. Since the six-fold de- 
crease in permeability fro hi saline to 50% D-MSO is matched by 
a six-fold increase in solubility oyer the same range of DMSO 
concentration (Fig 3). it appears that' to the 50%, DMSO strength 
in the balanced configuration DMSOYinfluence is strictly ther^- 
modynamie, a conclusion, in keeping with results of experiments 
with select alkahols j 1 jj. The permeability coefficients 1 of ara-A 
applied in 75, 90; arid 109% DMSOihchc balanced cotiftgu ration 
take a* dramatic upwards turn, a marked qualitative departure 
from the thermodynamic (partitioning) trend. This unequivocally 
indicates DMSO has; in some way altered the properties of the 
stratuni corneum at these higher levels. 

In contrast, unmistakable stratum corneum impairment by 
DMSO is seen; at the 50% strength when this solvent medium is 
placed in only the donor compartment. This appears toibe some- 
wliatitruc for the 30% medium as well. Thus* the way die solvents 
are configured around the skin membrane itself has a marked 
influence on permeability . The data compiled in Table III indicate 
there are large net cross-currents of water and DMSQ in the 
asymmetric ^ circumstances, the major difference between the bal- 
anced and asymmetric modes. The inference is strong that the 
diffusive exchange of solvents causes disruption of the horny 
layer's structure;, This idea is in keeping with the proposed en- 
hancement mechanism of Chandrasekarari and coworkers [10|; 
who were the firsttOnbte that, when configured asymmetrically, 
DMSO and Water produce a separation of stratum corneum cell 
layers, presumably through osmotically derived stresses. Given 
the. behaviors seen in the balanced configuration, it would appear 
the solvent cross-flows are of singular importance to DMSO 
permeability enhancement in the asymmetric modality at the in- 
termediate DMSO concentrations. Ac concentrations above 50% 
other factors of enhancement must necessarily come into play 
given that marked enhancement of permeability is seen in the 
ibaJanced configuration. It was previously demonstrated [11] that 
under the conditions of these experiments, substantial amounts 
.ofsoluble organic: substances are elufed from the skin, presumably 
mostly lipids, above the 50%; DMSO strength, with the amounts 
extracted increasing sharply as DMSO is further enriched. By 
elutiiig soluble substances, the solvent induces a porosity on the 
skin and diffusion can proceed through solvent-filled channels in 
the stratum corneum matrix. 

Concentrated; DMSO is. also capable of directly denaturing the 
keratin protein of the horny layer and disrupting ordered lipid 
structures, additional factors that may be involved when DMSO 



'lis, applied in essentially an undiluted state. It is notabfe'that thele|i 
is crossover of the 2. profiles at the 90% DMSO strength ahdfarf 
strikingly higher permeability of ara-A from the balance config^ ; 
u ration when: the medium of application is neat DMSO. We" 
suspect that DMSO : is more effective in ehiting substance from 
the skin, and also as a denatiirant when -it is placed, in iboth cOmP : ^ 
partments of* the cell.: In this mode there would be no dilution of 
the DMSO solvent at; the skin's surface as; the result of the di|L 
fusion of water through the skin.- There atte other plan sible bases*:: 
for this disparity between the balanced and asymmetric modes jj 
For instance, die: tendency for ara-A to partition into: the cellula^:::; 
epidermis beneath; the stratum corneum is diminished' when thej; 
dermal surface is bathed in saline. Vidarabinc's diffusive current|: 
across the epidermal and dermal strata might thereby .be reduced 1 :; 
to a fraction of what it is when aH cellular water Is exchanged fox?:; 
DMSO. Disruption and collapse of cell :nieitibrane stnrcfcr&yis ;' ;: 
yet another possible! contributing factor to the high permeability 
of ara-A when it is diftusing froin neat DMSO into neat DMSOf : 

In their work with pilocarpine hydrochloride, C hand raseka ran ^ 
and coworkers [10] showed that the side of placement of DMSpXj 
in the asymmetric configuration lias an effect on permeaWJcyHft:; 
can be seen in Fig 4: that this also niakes a difference for ^rja^M^ 
'Each way of asymmetric, cpufiguration can . ^rpdnce the ' hij^ietl 
permeability depending; on the specific DMSO -cbn^tradpft^il 
factor not; noted previously. The total picture: suggests that dislj 
rupfive stresses- are experienced within structure teejj 

speed ve of which side the DMSO media are placed. At 30 aiid| 
50% DMSO, niass transfer is favored when the DMSO phasevis| 
in the receiver chamber, if the idegree of damage is independent! 
of placement, which seems a reasonable possibility, then thcihigherf 
permeability at low-to-moderate DMSO conceiitrations seen when | 
the ara-A is placed in, a sal iiie donor and is diffusing into a DMS(|l 
receiver reflects that; the permeability change resulting from elam|| 
age to the horny layer is neutralized to a degree by decreased! 
solvation of ara-A and increased thermodynamic activity: inUlip- 
donor phase. Not only does the thermodynamic activity remain;; j 
higher when the donor is saline; but ara-A also finds the recei>gf| 
a better sink as : it; permeates the tissue., ; -1111 

The situation appears tovbe. .different when .DMSO streiig^K1||| 
greater than 50% . Here we suspect that elu tion of soluble matterr 
from the stratuni corneum is favored when the DMSO is in direct ;: 
contact with the horny layer. This would explain the chaugejinl 
the order of permeability at the 75% DMSO strength. GuriouslyJ ; 
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Figure 4. comparison of pcrnicahiUtycoe^ 
less mouse skin in DM SOk water (DMSO-saline). ; Closed' arrfes-, '"iS^^^ 
riicdia were in contact with the stratum 1 corneum; closed triangles, DlvtSjQf 
media were in contact witli tl\c dermis side. 
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ijjFigwe 5. Concurrently determined; permeability coefficients of ara-A, 
BDIsSfiS<3, and waiter through hairless mouse skin as a function of DMSO 
| concentration. 

I:..;:::::::::.::.. >; 

i-tHfeitAvo asymmetric configuration curves come together again 
lyvhcii the DMSO is if i a near state.: Either the various contributions 
'{to frarrier impairment catch up to each other at this point or there 
are opposing effects, which by pure; chance, exactly offset each 
Tlic jattcr explanation seems; more plausible as it appears 
j|p;u£) t riat Cne permeability retarding thermodynamic influence of 
liPMSO when it is in. the donor chamber is sufficient to offset the 
/presumed differential in impairment of the horny layer m the 
*sarrie= solvent configuration. 

f| jn =;: either asymmetric configuration solvent cross-flows have 
j beeijSindicateci as important to the mechanism of penetration: cn- 
| han cement; Additional support for this premise is given in Fig 5 s 
l-fbr ithe specific asymmetric configuration with the DMSO media 
jmi^qntact with thestraturn corneum side of the skin. Permeability 
j ^efficients of tritiated water into and out of the skin arc displayed, 
l i^Kconcetitratioti is taken into account, as it-is: in trie calculation 
ibffsutli concentration normalized inass transfer coefficients, mere 
; appears to be little direcrionajity to the permeability of this spe- 
iciesv ;The pe rin eabil i ty coefficients displayed for DMSO are: for 
U ; net; ; flux concurrent with and in the same direction as: ara-A's, 



0MSP-MHpIATED PERMEATION OF nra-A. 279 



Notably, no: matter: tire DMSO concentration, there is, iin every 
instance, a mam fold greater backflow of water out off the skin 
than the diftiisivc; flow of DMSO into it. If there were .1 "carrier; 
effect/* it would work against ara-A's permeation. In other words, 
ararA rnoleculesiare not beirig dravvii through the skin on a scream 
of solvent, the implication: of the phase *^arrier effect, but rather 
the chemical species -are independently diffusing through the skin 
field variously altered by DMSO- water interactions with the tis- 
sue 1 , Moreover, although the permeabilities of all/3 species. Water, 
DMSO, and; ara-A, lit well with the broader expectations of 
permeability as a function of DMSO cone enWatrOm fit appears 
water's quantitative sensitivities to I3MSO are unique. It will be. 
noted that there is; a large increase in the permeability coefficient: 
at 50% DMSO for both iPM SO aiui ara-A; Water's permeability 
coefficient on the other hand seems unafTected by 'DMSO until 
much higher DMSO concentrations are reached. This; lack of* 
DMSO sensitivity for water at intermediate DMSO -strengths 
seems to have also been seen by .SweeiVey et a) \ fty. tThis strongly 
suggests that the delamination of the stratum conicuiti thought 
responsible lor the increased perinea bility 6f ara-A does not of 
itself favor the diffusion of water. Thus, it appears :that different 
mechanisms control the rates of difTusion ofthese very diflerent 
molecular species within the horny structure. 

Overall, if is shown; that the man net in which DM SO produces 
permeability^ ^kiii is irifluehced by tM frian- 

ner of application of DMSO and the ebneentrinibn of DMSO. 
Partitioning factors are One deterininant of permeability and in 
the simplest instances these alone ;eontrol permeation rates; There 
is also clear evidence that several types of stratum Corneum im- 
pairment are involved. All of these factors together lead to Very 
complex DMSO concentration dependencies for its skin perme- 
ability enhancing effects, as revealed in standard difTusion cell 
experiments. 
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Abstract Q f reaUnerit of the epidermis with surfactants can markedly increase 
the transport of rxllar molecules biit only marginally increases the transport 
of nonpolar, (lipophilic) molecules. Thus, Other vehicle systems are needed 
to ^ increase 1 the transport of lipophilic molecules: One method to accomplish 
this increased transport is to add small quantities of polar lipids to u base ve- 
hicle containing propylene glycol. The transport Of nonpolar materials such 
as salicyHcacid can be increased by a.ri order of magnitude by the addition 
of small amounts of fatty acids of alcohols to a; formulation. The effect of this 
mixed system is 



Key phrases □ Transport systerris-^increased skin permeability, lipophilic 
molecules. □ Lipophilic molecules— transport systems; increased skin per- 
meability " '■■ * *!v - ' " 

■:. ;j TheNStratirm cbrrieuih, which Xh^'^in^fTipt to'icuta- 
'ihi^]yui%ajnspbi;t' (1 )* is striiciuraiiy a coinplex-™^ 
thus,: transport ^pirpbs^I^ V^^lc^t- :.^rj^Oo -V^lf i'Oifssli'" a Variety of 
fiatKways, If has been suggested in a sjudy of the effect, 6f 
•fernp^ 

at least two pathways for transport acrdss : the skin: a polar 
pathway arid a nonpolar patt^ 
spciated with the protein compo^ 
andniig^ 

the nonjiolar pathway is associated \yith the lipid bompo- 

Viibntr^ ;.;/:;'*.;■ ■ ' :.v : ' : ' ': : " : ] "y • \ ' * • 

: injr"eberiV hais been made to clarify 

and support the hypothesis that there, are at least two parallel 
pathways for transport by using surfactant treatment, which 
greatly- increases the transport of polar molecules but only 
slightly increases the transport; of hbripofar molecules. For 
.example, it has J)een found; that treat meiii bf the human epi- 
der rriis . with •": decylmethyl sulfoxide greatly increases • the 
transport of salicylic acid at pH 9.9 (ionized or polar form) but 
only slijghtly increases salicylic add /transport at pH 2.65 
(un-ibriized or nonpolar form) . Other studies have shown thai 
the trahsport of i-propanol is greater than that of propylene 
glycol or glycerol. That is; even though propylene glycol has 
a much higher bilH 




is only slightly greater 
lrprppanpl. 

Thui, as the polarity of a molecule is increased, f.e.; ; its;piir- 
water partition coettlcient d^ exists for which 

the bil-water partition coefficient is not related to transport. 



(2), in which even I ^pentanoi is claimed to trari^rt via a polar 
.pathway; '' 1 -i:-^ 

The existence of multiple transport pathw^ 

tq;fc 

of ihe skin Via the different -pa thways, ? ais the surf actarits seem : 
to uniquely alter the polar path Way- Certain two-cpniporient 



j. The i purpose of • 
this report is to describe the effects of these vehicle systems dirt 
the transport; of nonpolar molecules across skin. Salicylic acid 
was used as a prototype nonpolar compound, bu t Similar results 
were obtained pn many other nonpolar compounds.' A model 
is proposed to interpret these: findings, but the mechanism by 
which these vehicles alter transport is still unknown. 

' expewm^al section 

. Matenab^Salicylic acid 1 , [^-carboxylatejsalicyiio acid 2 ,. the Tatty acids 
and alcohols 3 , propylene glycol 4 * diethylene glyebfe and the ;polyethyl cnc : 
glycols? were obtained commercially. The siJ fox ides f parity > 95%) Were, 
synthesized 7 , and the dimethyl polysiloxairie 8 rubber membranes! were" cast 
on a large stainless steel plate; All other chemic^ls useii .were rpf reagent 

grade.;; : ' ' : V:"" ■'" ' \ . , 

: ... Diffusion Studies— $pf dermis. Preparation— ^ 




mm? 

: . Figure i-^Diffusion Apparatus, £ 



Figure .t— Diffusion cell. 
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Figure i^-Effect of polar solvents oh salicylic acid transport across human 
epidermis. Key: {A f 24% salicylic acid ihd(ethyien^glye^i-0yi^sahc^llc 
acid in propylene glycol; {€). 30% salicylic acid ihtetraethyleneglycdf; (D) 
27% salicylic acid in pentaethylene glycol. ■■ 
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Figure 4-^Ejfecl of polar soloents on- salicylic acid transport across silicone 
rubber, Key: {/i) 30% salicylic acid in tetraethylene glycol; ((g) 19% salicylic 
afidinprpw^ 

salicyJjc:qtidw ;. . ■; 
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Figure S^Penetration of 1% salicylic, sicid across human epidermis. Key: 
(9)0.1 M oleic acid in propylene glycol; ( *) propylene glycol; 

dominal.skin was obtained at autopsy and frozen until ready for use. The 
subcutaneous fat was removed with a scalpel; and the skin was placed in' water 
at 60°C for 80 s. The. epidermis was carefully removed and mounted (outer 
surface up) on aluminum foil before rinsing in 6°C hcxane for 10 s to remove 
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Figure 6— -Effect of-tht'jqdditionofcy^un^ acids on the petie-- 

tratiohoj '1% salicylic acid in propylene glycol across human epidenrds; Key: 

pyle'ne 



any fat con lamination. The epidermis was cUherused uumediately. or wrapped 
in a I plastic sheet 9 and frozen, ■ 

. Experimental Apparatus— The epidermis was mounted in diffusion cells 
as pictured ijti i Hig;. 1 y The flat surfaces of the cell provide a pressure seal after 
the epidermis is placed: between i he two com partments, which are bolted!. to- 
gether. Up to 100 nL of solution can.be placed in the chamber above the skin. 
The area for. transport is 0>t22 cm?: VVater was pumped via a multichannel; 
^nsialtic pu^ at 3:5 mL/h arid collected 

in scintillation' vials,placed'in : a 

■ figure 2 shows the entire assembly ..The volume of water in thecham^rbe- 
neath the skin is r*5 fil* so the: volume beneath the skin :i$. replaced ~! 00 
times/hi.The temperature of the experiments was that.of the laboratory, 22 
±i°C. ; , : ;;.; , V;{ ' :; ^V; '; £. 

, Assay for Penetration-^ Approximately ipCi of radioactive tracer was =. 
used for each diffusion cell; The quantity of radioactive tracer transported. 
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Figure 1 ~ Effect of the acids on thepene* 

tration of 1% salicylic acid in propyl^ human epidermis. Key: 

(A) 0.1 M paccenicdcid: (Bf 0j to lO-fiepfafa (CfO.lMpetrd- 
selenic acid; (D) 0:1 kM efc0seh&ic'.'acld) (Ej propylene glycol. ' /. 

"Sarain Wrap. - 
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Figure %— Effect of the addition of polyunsaturated fatty acids on the pen- 
'. et rat ion of 1% salicylic add In propylene glycol across human epidermis. 
Key: (A) 0. 1 Mjinolenic acid;(fy 0: IMlinoleic acid? (0} 0.1 M mccenicacid; 
{D) 0j M lin^laia^c acid; propylene 

across theskin a nd collected in the scintilla don Vials was determined by liquid 
scintillation counting. The scintillation counting solution (10 mL), added to 
eich 7-mL sample, consisted of cocktail stock solution. The tatter consisted 
of 2,5-diphenyibxazoIe (8 g) and l.^bis^mcthyi-S-phchyloxazol-a-yi) 
benzene (0,1 6 g) per liter of toluene: 

\ Variation in Data— The epidermal transport from each vehicle was deters 
mined ifi quadruplicate, and the variation in the data was ±25%. Data on each 
graph represent separate experiments run on different days .with different 
epidermal samples. \ 

. • RESULTS AN0. brscyssiON 

The vehicles described. in this paper are two-component Systems consisting 
of a polar solven t, such as propylene glycol, and a lipid, such as oleic acid. Tl»e'. 
choice of polar solvent is important, since there is a wide range in the effects 
of polar solvents. For example* it can be seen in Fig. 3 that propylene glycol 
ahddiethylenc glycol support a high rate of transport of salicylic acid but that 
the flux drops off some as the number, of ethylene oxide groups is increased! 
(Note that comparisons are made among saturated solutions to ensure equal 
thermodynamic activity.) Transport of salicylic acid across a.dimcthyl pol- 
ysiloxarie membrane (Fig. 4) was essentially the same frtfm each of these 



Figure 10— Degree of Enhancement of salicylic acid steady-state fluxas a 
function of propylene glycol mole fraction PCpropyUnegi^coi)frpf» saturated 
solutions. Key: (*} oleyl alcohol: (•) oleic acid. 
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Figure 11— tffect of sulfoxides on. sitlicylic acid, transport across human 
epidermis J Key: (A) 24% salicylic acid in (propylene glycol plus' Oil M qleyl 
methyl sulfoxide; (B) 21% salicylic acid in propylene glycol; (C) 22% salicylic 
acid in propylene glycol plus 1 M decyt methyl sulfoxide. ' 
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Figure 12 — Penetration of salicylic acid at saturation from propylene gly- 
coWalcphol vehicles across human epidermis. Key: (A).2I% salicylic acid 
in 0.25 mole fraction decarioUpropylene glycol; (B) 22% salicylic acid in 0.25 
mole fraction hexunol-propylene glycol; {€) 22% salicylic acid in 0:25 mole 
fraction octanol-propylenc glycol: (D) 22% salicylic acid in 0.25 mole fraction 
butanol-propylene glycol; (E) 20% salicylic acid in propylene glycol. 



Figure 9— Effect of the addition of fatty acids on the penetration ofl% sal* 
icylic acid in propylene glycol across human epidermis. Key: {A) 0.1 M oleic 
acid in propylene glycol; (B) 0.l Sd lauric acid in propylene glycol: (C) 0.1 
Af decanoic acid in propylene glycol; (D) propylene glycol (control). 



and. that the variations in transport are not due to solution phenomena. . 

The addition of a small amount of oleic acid to propylene glycol provides 
for a rather large increase in salicylic acid transport (Fig. 5). (Similar increases 
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Figure 1 34-Penetration of salicylic add at saturation from oleic acid-pro- 
pylene glycol or ?:! j-butanediol vehicles across human epidefrnis. Key:. (A) 
15% salicylic acid in 6.25. mole fraction oleic acid-propylene glycol; [B) 15% 
salicylic acid in O.p mole fraction oleic acid-K&butanediol; (p) 23% sali- 
cylic acid in propylene glycol or 1 ,Z-butanediol.' 

in transport were also observed for the other polar solvents, but only the resul ts 
for propylene glycol are presented.) Other unsaturated fatty ^ acids jpve a 
similar result Figures 6-8 show the effects of chain length arid number and 
type of double bonds. The effect is reduced' for saturated fatty acids (Fig. 9). 
Long-chain saturated fatty acids are too insoluble in propylene glycol for any 
effect on transport . to be observed;- • . / . 

As the concentration of oleic acid (or oleyl alcohol) is increased, the 
transport of salicylic acid is also increased, iip to a point. .As the concentration 
of lipid is further increased, the flux of salicylic acid decreases (Fig: 1 0).\Here, 
as mentioned above, transport from saturated solutions is compared Lto ensure 
equal driving force (chemical potential);1ije transport of salicylic acid from 
saturated solutions of propylene glycol (~22%) and oleic acid (~4%) [or water 
(0.2%)] are the same. However, use of admixture of the two materials gives 
a ^20-fold increase in the transport rate! . . 

the hydrocarbon chain seems lo be! the important. factor as to. whether a 
lipid will increase transport. For example,, it can be seen (Fig. 11) that only 
the unsaturated, rnethyl sulfoxide increases transport. Stearyl methyl sulfoxide 
also had ;hb effect .On transport. However, for alcohols, even the saturated, 
chairiscan increase transport (Fig.. 1 2), Here, the longer chains are more ef- 
fective at increasing tra ns i^rt until the kngth of the chain exCee^ :14. At this 
point, solubility of the alcohol becomes too small Lfpr an effect on transport 
to be observed. Other diob also exhibit this sjmcrgism with lipids, but the effect 
ii lcss pronounced as the chain length is increased (Figs. 13 and 14); . 
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Figure 14— Penetration of salicylic acid at saturation from oleic acid- 
1,2'hexattediol vehicle* across human epidermis. Key: (A) 24% salicylic acid 
in 0. 25 mole fraction oleic acid- i t 2-hexanediol;iB) 1 4% salicylic acid in 
1,2-Hexanediol. 



Figure for skin transport^ 

not known, but differential scanning calorimetry studies pf.the stratum cor- 
neum l( > indicate that the. two-component systems result in an increased flu- 
idization of the stratum corneura lipids. This effect could then result in more 
rapid diffusion of the molecules across skin. The use of two different solvents 
to increase solute solubility has been.known for some time as"cQsolvency v 
and "blending" (5), and there might be a connection between cosdlvency and 
the effects observed in this study oh skin transport. . 

Regardless of the detailed mechanism by which these vehicles act, the resul ts 
presented here open the door to the investigation of multicomponerit systems 
to alter the barrier properties of skin. The penctfation-aid guidelines obtained 
from thi$ study and an earlier report (3) indicate that, for polar molecules, 
the head groups dominate (ionic > zwi tier ionic > nonionic) and for non polar 
molecules (polar sd vent plus lipid)^ the hydrocarbon chains dominate. It was 
predicted that bra hched-chain lipids would te a* effective as unsaturated 
lipids; this was/indeed, the ^ case for iswtearicJacidl : \ ; 

A general way io'categprize the pathways for trahsport in skin is depicted 
in Fig, 1 5, in wtoich nb attempt was made to assign a pathway to a;particular 
morphological structure. J,,,thc flux at steady state, can be written as; 

; J% flw/w + <?Lw/l~ + (1 7 «w a L*)Jy ■;. 

wherc:^ is the area fraction of. the aqueous pathway, a Lyi is i-the area function 
of the lipid- water pathway, /w is the flux across the aqueous pathwayi 
is the. fl.ux : acrW the flux across the lipid 

pathway: ltse^ms'c|[e^rthatther^ : ex!su a contiriuouspolar ^pathway, bemuse 
the flux (at constant concentration) levels i off with /a\dMj^in^!piV.w.a;iej 
partition cwfficie>(.and.t^>^ surfactants act primarily to. increase the 
transport of polar mbJecules, Thepathway with the largest area fraction is 
probably the ltpjd T wa.ter:r^thway that have high solubility, 

in ^tb pil and water have t^ 

is included to acroiint'for. the transport of very, lipophilic mptecules (sucfi as 
benzyl salicylate); fdr which wateir becomes a major barrier to transport. The 
two^corn^hent systems described in this report act primarily on the lipid 
barriers, .tout they may have so.^ .'. 
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THE EFFECT OF DIMETHYL SULFOXIDE ON THE 
EPIDERMAL WATER BARRIER* 

Thomas M. Sweeney, M.D., Alax M. Downes, M.S.f axd 

A, Gedeon Matoltsy, M.D. 



Recently dimethyl sulfoxide (DMSO) has been 
reported to have several properties suggesting a 
wide range of possible medical uses (1-4). Its 
apparent ability to enhance Lhc percutaneous 
absorption of dissolved substances was especially 
interesting to us (5, 6). As part of a study in vitro 
of Lhc epidermal water barrier, we treated the 
epidermis of the hairless mouse with DMSO and 
determined its effect on the rate of passage of 
tritiated water through the skin. In view of the 
current interest in DMSO, the results .of this study 
are presented here. 

Full thickness skin from hairless mice (strain 
HRS/J; obtained from The Jackson Laboratory, 
Bar Harbor, Maine) 8-16 weeks of age was used. 
This species was chosen because the absence of 
eecrine sweat glands and the small size of the hair 
follicles minimize these routes as significant path- 
ways of penetration. Preliminary studies with the 
technic described below showed that although the 
flow rate of tritiated water varied from specimen 
to specimen in the range 0.18-1.08 mg/cm/hr 
(based on 80 determinations), water passed 
through a particular piece of skin at a constant 
rate so that measurements were reproducible for 
24 hours after the mouse was killed. ITenee, valid 
conclusions on the effect of DMSO on the epi- 
dermal water barrier could be drawn only with 
difficulty by comparing average flow rates. There- 
fore, the effect of DMSO was studied by first 
measuring the actual rate of flow of tritiated water 
for each piece of excised skin. Subsequent measure* 
ments, made after DMSO application, can then be 
related to the initially obtained values. Thus, the 
following technic was used to study the effect of 
DMSO. 

Immediately after dissection, the skin was cut 
into six pieces, each of which was clamped between 
two glass cells which enabled the rate of flow of 
water through an area of 0.71 cm 8 to be measured. 
Each cell had three outlets, one to drain the 
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water, the other two attached to a reservoir with 
an air-lift, to circulate the liquid. Isotonic saline 
(5 ml; pH 6.4) was added to each side of the 
apparatus, and tritiated water (0.05 ml; 400 ^c/ml) 
was then added to the epidermal side. The experi- 
ments were done at 25-26° C. Three samples (0.5 
ml) were taken from the dermal side at 30 minute 
intervals beginning one hour after the addition 
of the tritiated water; the volume was restored 
by adding 0.5 ml saline after each sampling. The 
results of preliminary experiments indicate that 
a steady rate of penetration of tritium is reached 
within one hour. Each sample was placed in a 
counting tube and 12.5 ml of a solution of a 
scintillator (a mixture of 4 gm diphenyloxazole, 25 
mg p-bis[2-(5-phenyloxazolyl)]-benzene, and 50 gm 
naphthalene dissolved in dioxane to a total volume 
of one liter) was added. The radioactivity of these 
samples and appropriate standards was measured 
in a Nuclear Chicago Liquid Scintillation Counter, 
model #701. The flow rate was then calculated in 
mg/emyhr. After the rate of passage of tritiated 
water had been determined for each picco of 
skin, the chambers were emptied and rinsed with 
saline. DMSO in varying concentrations was then 
added to the epidermal side and left in contact 
with the epidermis for 30 minutes. The chambers 
were again emptied and thoroughly washed by 
circulating several changes of saline over a 30- 
minute period. The rate of passage of tritiated 
water was then measured again as described above. 

The effect of DMSO on the epidermal water 
barrier was evaluated by dividing the final flow 
rate of tritiated water by lhc initial one and 
plotting the ratio as a function of concentration of 
DMSO. The results (Fig. 1) indicate that there 
was no significant change in the rate of passage of 
water through the skin when the epidermis was 
treated for 30 minutes with aqueous DMSO in 
concentrations up to 50%. There was an increase, 
approximately 50%, however, when 60% DMSO 
was used, and a much larger increase, about 10- fold, 
when 75% DMSO was applied. With 90% DMSO 
or with undiluted DMSO, the rare of passage in- 
creased about 90-fold. The increased flow rates 
were constant, and there was no evidence of a 
trend towards recovery of the barrier to the pas- 
sage of water. 

The following experiments were then done to 
sec if there was an additional effect due to presence 
of DMSO in contact with the epidermis during 
diffusion. After completion of sampling to define 
the initial rate of flow of water, DMSO was added 
directly to the solution on the epidermal side to 
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produce concent rations ranging from 20 to 50%. 
Sampling from the dermal side was continued for 
a period of four hours. Under these conditions the 
rare of passage of tritiated water was unchanged, 
as shown in Fig. 2. The effect of time of exposure 
to DMSO was also studied. The results (Table 1) 
?ho\v that the rate of flow of Iri tiated water in- 
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Fig. 1. Change in the flow rate of tritiated water 
through hairless mouse skin after treatment of 
the epidermis with various concentrations of 
DMSO in vitro for 30 minutes. 



creased with longer treatment periods; the in- 
creases, however, were small compared with those 
due to increasing the concentration of DMSO. 

These results suggest three significant conclu- 
sions. Firstly, they show that the concentration 
of DMSO is far more important than the time of 
exposure in determining the effect on the water 
barrier. Secondly, the increases in the rate of 
passage of water due to exposure to concentrated 
aqueous solutions of DMSO are apparently perma- 
nent in vitro. And finally, DMSO does not appear 
to have any special ability to promote the passage 

TABLE I 

Rate of passage of tritiated water through the skin 
of the hairless mouse in vitro after treatment 
with DMSO for various periods of time 



Concentra- 
tion of 
DMSO (%) 



Treatment I 
period j 
(minutes) |- 

I 

i 
I 



Rate of flow 

of water 
(mg/crayhr) 



Ratio 



Initial I Final 
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20 
30 



.52 
.28 
.30 

.b'o' 
.39 
.44 
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.40 
.67 
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Fig. 2. Plow rate of tritiated water through hairless mouse skin in vitro before and 
after addition of DMSO in varying concentrations to the epidermal side of the chamber. 
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of water through the skin by its mere presence, at 
least in this experimental situation. 

Tt is interesting to note that the higher eon- 
cent rat ions of DM SO which we found necessary 
to produce permanent effects on the water barrier 
(Fig. 1), are in the same range found by Kligman 
(6) to be necessary' to enhance the pe net ration of 
subs lances such as tetrachlorosalicylanilide, Declo- 
mycin, and sodium fluorescein through human skin 
in vitro. However, Kligman found that pretreat- 
ment of discs of human horny layer, obtained 
from autopsy material, with 50% or 90% aqueous 
DMSO or with undiluted DMSO for 24 hours 
produced only minor changes in the rate of passage 
of water. Further studies will be necessary' to 
resolve this apparent difference from our results. 

SUMMARY 

Excised skin of hairless mice was clamped be- 
tween two glass cells filled with saline and after 
the addition of tri tinted water to the epidermal 
side, I he rate of passage of Iritiatcd water for each 
piece of skin was determined. Then, DMSO in 
varying concentrations was cither added directly 
to the solution on the epidermal side or was 
applied to the epidermal side for varying periods 
of time. Subsequently, the new rate of passage of 
tritiated water was determined and compared with 
the initial value. The results showed that: 

(1) DMSO does not appear to have any special 



ability to promote the passage of water through 
the skin by its mere presence, 

(2) permanent changes are produced in the rate 
of passage of water through the skin by applica- 
tion of concentrated solutions of DMSO (60- 
100%), and 

(3) the concentration of DMSO is far more 
significant than the time of exposure in determin- 
ing the effect on the water barrier. 
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Synopsis — An in vilro skin penetration system has been described in which intact abdominal 
guinea pij? skin has been utilized as the membrane. The passage of picrate ion through this 
membrane in the presence of dimethyl sulfoxide (DMSO) is a passive diffusion process which 
shows adherence to Pick's First Law of Diffusion. In order to produce substantial enhance- 
ment effects, relatively large concentrations of DMSO were required. Effective concentra- 
tions of DMSO caused the skin membranes to acquire a more turgid and wrinkled appearance. 
It has been shown by diffusion and isotope techniques that the absolute rate constant for 
the penetration of DMSO is approximately 100 times greater than that for the picrate ion. 
Thus, the two substances transferred independently of each other through the skin. 

Introduction 

In recent years, dimethylsulfoxide (DMSO) has been reported as 
a solvent which, in addition to having a host of claimed therapeutic 
properties, has the ability of rapidly penetrating hitman skin and en- 
hancing the percutaneous absorption of materials dissolved therein 
(1-7). While there have been numerous reports concerning the utility 
of DMSO in promoting percutaneous absorption both in vivo and in 
vitro, few studies have appeared concerning its mechanism of action upon 
the barrier to absorption through the skin (7) . 

Recently, disclosure of potential medical hazards associated with the 
use of DMSO has precluded its widespread use in humans (6). How- 
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ever, an understanding of its mode of action could lead to the discovery 
of other methods to enhance percutaneous absorption. To achieve this 
goal, the in vitro percutaneous passage of picrate ion in the presence of 
dimethyl sulfoxide has been examined in detail. 

Materials and Methods 

White male guinea pigs ranging in size from 600-1200 g were obtained 
from Dublin Laboratory Animals, Inc., Dublin, Va. Reagent grade 
picric acid was purchased from Allied Chemical and Dye Corp., New 
York, N. Y., "certified" reagent grade dimethyl sulfoxide from Fisher 
Scientific Company, Fairlawn, N. J., ethylene glycol monomethyl ether 
from Mallinckrodt Chem. Works, New York, N. Y.; dimethyl-C 14 
sulfoxide and Liquifluor (25 X concentrate liquid scintillator) were ob- 
tained from New England Nuclear Corporation, Boston, Mass. All 
other chemicals were obtained as pure as possible. 

Intact abdominal guinea pig skin was utilized as a membrane between 
a set of glass diffusion chambers. Hair was removed from the skin ei- 
ther by wax epilation several days prior to sacrificing the animal or with 
an electric clipper. Animals were usually sacrificed by a lethal injection 
of MgSO*, and the skin was rapidly excised and frozen. Attempts were 
made to utilize the skin within 48 hours after procurement. Ainsworth 
has reported that the chemical permeability of excised skin is almost un- 
changed for at least two days if bacterial decomposition is prevented by 
cold storage (8). 

Since large variations in skin permeability were often seen from ani- 
mal to animal and have even been reported from different skin sites of a 
single animal (9, 10), any one series of experiments whose results are re- 
ported here in a single figure or graph was performed using skin from a 
relatively small area of the abdomen of a single guinea pig. 

It has also been observed in this laboratory that differences in the 
preparation of the animals could result in large variations in permeability 
characteristics from animal to animal. Skin from wax epilated animals 
often showed greater permeability characteristics than skin from animals 
which had not been so treated. This was probably due to an incomplete 
recovery of the barrier layer. On occasion, erratic results within a given 
series from the same animal were obtained which were attributed to in- 
herent or mechanically induced variations. 

Prior to beginning an experiment, portions of the frozen skin were 
cut and positioned as the membranes between L-shaped glass diffusion 
chambers. A pinch clamp which locked and sealed the chamber-mem- 
brane-chamber assembly in place was then applied. Any overlapping 
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Figure 2. Assembled diffusion chambers mounted in themiostated water bath 

skin was cut away leaving a circular membrane area of approximately 
3 cm 2 . The entire assembly was then mounted on a Burrell wrist-action 
shaker which positioned the diffusion assembly in a thermostated water 
bath (Figs. 1 and 2). 

In a typical diffusion experiment, picric acid was dissolved in an 80% 
(v/v) DMSO/pH 7.0 buffer solution (monopotassium phosphate-so- 
dium hydroxide 0.025 M). Fifteen milliliters of this solution was then 
placed in the epidermal chamber and 15 ml. of pH 7.0 buffer was placed 
in the dermal chamber. Glass beads were added to ensure proper mix- 
ing and a gentle shaking motion was then initiated. All diffusion experi- 
ments reported in this paper were performed at pH 7.0 and 30° ± 
0.05 °C. 
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The passage of picrate ion from the epidermal chamber to the dermal 
chamber was followed spectrophotometrically using a Beckman DU 
Spectrophotometer equipped with a Gilford Model 220 absorbance In- 
dicator. Samples were withdrawn at various times from the dermal 
chamber. Prior to withdrawing the first sample, a small piece of glass 
wool was submerged in the dermal chamber. Thus, by placing the tip 
of the sampling pipet onto the wad of glass wool, any small particles re- 
sulting from the use of intact skin could be filtered. The optical density 
reading at 362 mju was immediately obtained and the sample was placed 
back in the dermal chamber. In practice, this operation can be carried 
out in several minutes. Concentrations of picrate were calculated by 
using a value of 14700 M ~ J cm"" 1 for the molar extinction coefficient at 
302 mju. 

Initial studies indicated that, after a lag period, the picrate ion con- 
centration in the dermal chamber increased in a linear manner with re- 
spect to time. The data have been treated in accordance with Pick's 
First Diffusion Law in the following manner: 

J t = M (Ce - C d ) (1) 

where : 

Ci = initial concentration of picrate in epidermal chamber 

G = concentration of picrate at time t in epidermal chamber 

C rf = concentration of picrate at time t in dermal chamber 

A = area of membrane 

k p =s absolute rate constant 

If C,i « C equation 1 reduces to 

% = MC • (2) 

at 

At early times during the diffusion process, C c is approximately equal to 
Ci and equation 2 becomes 

J-MC (3) 

Ac I At can be obtained from the linear portion of the progression curve of 
concentration versus time. A and C t - are experimentally measurable. 
Thus, the absolute rate constant for a given experiment can be calcu- 
lated. 

In experiments in which dimethyl-C 14 sulfoxide was utilized, the 
diffusion rate of DMSO was determined by sampling 0. 1 ml aliquots of 
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the dermal chamber at various times, adding this to 15 ml of counting 
fluid (6 parts of ethylene glycol monomethvl ether to 10 parts of 1 : 25 
Liquiflor scintillation fluid) and determining the amount of dimethyl- 
C" sulfoxide using a Packard Tri-Carb Liquid Scintillation Spec- 
trometer. 

Results and Discussion 

While the in vitro skin penetration of several ions and covalent mole- 
cules has been shown to obey Fick's First Diffusion Law (1 1) it was 
necessary to show that the penetration of picrate ion in the presence of 
DMSO is also a passive diffusion process. 

The results of a study demonstrating the applicability of Fick's Law 
are presented in Table I. The DMSO concentration was maintained at 
80% (v/v) while the picrate concentration was changed over a 13 fold 
range. With the exception of one experiment, the data do exhibit ad- 
herence to equation 2. Thus, the system approximates a passive diffu- 
sion process. 

In order to get some estimate as to the reproducibility of the data ob- 
tainable with this system, Ave identical experiments were set up with 
skin membranes obtained from a small abdominal area of a single guinea 
pig. The results are shown in Table II. 

With evidence thus available on the kinetics of the diffusion process 
and on the reproducibility of the system, experiments were designed to 
study in detail the effect of DMSO on this system. 

The penetration rates of picrate ion as a function of dimethyl sulf- 
oxide concentration were studied, and the results are presented in Fig. 3. 

Table I 
Fick's Law Study" 



Initial 

or Twer. / / * Concentration of Absolute Rate 

"J^JvM Picrate io n {M) Constant (cm hr"') 

80 1.56 X 10="' 

80 4.14 x 

80 6.68 X 10~« 



80 

80 19.8 X 10-= 



13.7 X 10" J 
14.2 x 10-' 
30.7 X 10"* 

9.75 X 10-' 17.5 X 10-* 



13.8 X 10-' 



• (A young male guinea pig was sacrificed by a lethal injection of MgS0 4 . The abdominal 
ha.r was dipped and the abdominal skin was immediately excised and frozen. The lengTo 

z\^zzz^:T^ tha of the skin was approxWciy 24 ws - Th * ski - 
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It can be concluded from these results, in agreement with others (3, 7), 
that large concentrations of DMSO are required before appreciable en- 
hancement of penetration can occur. Although Stoughton (1) has re- 
ported enhanced penetration with relatively low concentrations of 
DMSO, it is perhaps possible that his experimental procedures allowed 
for evaporation of water from the treatment solutions thus effectively 
changing the DMSO concentrations. 

It was also observed in these experiments that those skin membranes 
which had been in contact with the greater concentrations of dimethyl 
sulfoxide appeared more wrinkled and stretched and swollen, yet much 
less pliable than those skin membranes which had been in contact with 
buffer or lower concentrations of DMSO. A literature search revealed 



Table II 
Reproducibility Study" 

Initial Concentration Absolute Rate 



% DMSO (v/v) of Picrate Ion (M) Constant (cm hr l ) 



. - — ... — ■ i — ^ — ^ ~ 

70 3.75 X 10~ 2 14.7 X 10~ 4 

70 3.75 X 10~ 2 15.5 X KT 4 

70 3.75 X 10-* 15.5 X 10" 4 

70 3.75 X 10"* 12.1 X 10" 4 

70 3.75 X lO" 8 17.6 X 10"* 



Average and standard deviation = 15.1 X 10~ 4 ± 2.0 X 10"' 

fl (The abdomen of a male guinea pig was wax epilated, and the animal was sacrificed 3 
clays later by a lethal injection of MgSO«. The abdominal skin was immediately excised and 
frozen. The length of time between procurement and utilization of the skin was 24-48 hours. 
The skin was kept frozen until use.) 



Table III 

Effect of DMSO Concentration on Percutaneous Absorption of Picrate Ion' 



Initial Cone. Approximate 
% DMSO (v/v) of Picrate (AT) Lag Time (hr) 



0 4.81 X 10" 1 5.2 

20 3.24 X 10~ 2 5.2 

40 5.61 X 10" 8 4.9 

60 5.15 X 10"» 5.0 

72 3.73 X 10"* 4.0 

80 6.70 X 10-* <2 

92 3.53 X 10" s <2 



° (The abdomen of a male guinea pig was wax epilated, and the animal was sacrificed 3 
days later with a lethal injection of MgSO*. The abdominal skin was immediately excised 
and frozen. The length of time between procurement and utilization of the skin was about 
3 days. The skin was kept frozen until use.) 
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0 20 40 ~~ ~~60 80 

% DMSO ( v/v ) 



Figure .?. Effect of DMSO concentration on percutaneous 
absorption of picrate ion (pH 7.0, 30° =fc 0.05°C) 

that this observation had been made by others (2, 3). This observa- 
tion will be treated in greater detail in Part II of this paper. 

In other experiments, an additional observation was made concern- 
ing the lag times which are the times necessary for the picrate ion con- 
centrations in the dermal chambers to increase in a linear manner with 
time. With increasing concentrations of DMSO, the lag times generally 
decreased. While these lag times do not enter into the calculation of the 
absolute rate constant, they could be indicative of the rate of some al- 
teration in the diffusion process brought about by DMSO. These re- 
sults are shown in Table III. 

Since the experiments described above involved establishing a large 
concentration gradient for DMSO across the skin membrane, it was de- 
cided to study whether this concentration gradient was important for 
the enhanced percutaneous penetration of picrate ion. 

Experiments were set up in which the penetration of picrate was 
studied in the absence of DMSO ; with DMSO on the epidermal side of 
the skin membrane and buffer on the dermal side; and with DMSO on 
both sides of the skin membrane. The results shown in Table IV dem- 
onstrate that the enhanced penetration of picrate is not altered by 
eliminating the concentration gradient for DMSO across the skin. 

In order to establish conclusively that DMSO does not "carry" 
picrate through the skin, experiments were performed in which the rates 
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Table IV 

Mechanistic Studies of DMSO as a Percutaneous Carrier 0 

Absolute 
Rate Constant 

Expt. Epidermal Chamber Contents Dermal Chamber Contents (cm lir" 1 ) 

1 Buffer* and picrate (5.93 X Buffer* 6.89 X 10 ~* 

10-2 M ) 

2 80% DMSO in buffer* and Buffer* 14.6 X 10-" 

picrate (7.55 X 10" s M) 

3 80% DMSO in buffer* and 80% DMSO in buffer* 16.2 X 10*-« 

picrate (7.55 X 10 " 2 M) 

a (The abdomen of a young male guinea pig was wax epilated. The animal was allowed 
to recover for five days and tben sacrificed by a lethal injection of MgSO*. The abdominal 
skin was immediately excised and frozen. The time between procurement and utilization of 
the skin was within 24 to 48 hours. The skin was kept frozen until use.) 

*3 X 30~ 2 M. 



Table V 

Picric Acid-Dimethyl-C" Sulfoxide Penetration Studies" 

Initial Concentration 
of Picric Acid 

(M) % C 14 -DMSO (v/v) Absolute Rate Constant (cm hi"* 1 ) 

5.17 X 10" 2 0 3.29 X lO" 1 

8.51 X 10- 2 80 a. Picrate 13.1 X 10~ J 

b. C"-DMSO 12.7 X 10"* 

° (A male guinea pig was sacrificed by a lethal injection of M^SO^. The abdominal skin 
was clipped and the abdominal skin was immediately excised and frozen. The length of time 
between procurement and utilization of the skin was approximately 24 hours. The skin was 
kept frozen until use.) 



of penetration of picrate and DMSO were studied. The results of this 
isotope experiment (Table V) show that the absolute rate constant for 
the in vitro diffusion of dimethyl sulfoxide through the skin membrane 
was approximately 100 times greater than that of the picrate ion, thus 
clearly demonstrating their independent transfer through the skin. 
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REFERENCE 17 



Influence of 
Dim ethyls ulf oxide 

(DMSO) 



On Human Percutaneous A bsorption 1 



R. B. STOUGHTON, MD 
AND 

WILLIAM FRITSCH, MD 
CLEVELAND 



=3 



In vitro and in vivo quantitative measure- 
ments indicate that dimethy {sulfoxide (DMSO) 
enhances human percutaneous absorption of 
certain chemical agents. 

Dimethylsulfoxide (DMSO.) is a colorless 
liquid which is an excellent solvent. It has 
recently been suggested that this agent is 
beneficial in a number of diseases of man. 1 
It has also been shown that. DMSO enhances 
penetration of chemical agents through the 
urinary bladder of animals 1 and that it 
enhances viability of tissues when frozen. 2-4 

This report concerns in vivo and in vitro 
quantitative studies of the influence of 
DSMO on percutaneous absorption in 
human skin. In vivo studies were made of 
hexopyrronium bromide ( quaternary) ,* 
naphazoline hydrochloride (Privine Hydro- 
chloride),! and fluocinolone acetonide.^ In 
vitro studies were made of C 14 -hexopyr- 

Supported by a grant from the Armed Forces 
Epidemiology Board. 

Director of Dermatology (Dr. Stoughton) and 
Resident in Dermatology (Dr. Fritsch), Western 
Reserve University. 



ronium chloride (tertiary),* and 4-C 14 - 
hvdrocortisone.S 

Methods 

A. In Vivo. — Healthy, young, adult male and 
female subjects were used. Techniques for this 
type of assay have been previously reported by 
Cronin and Stoughton, 6 Clendenning. and Stough- 
ton,* and McKenzie and Stoughton.' 7 The volar 
surfaces of the forearms were used. The DMSO H 
containing fluid was compared with the non- 
DMSO containing fluid by placing each on equiva- 
lent areas of the forearms. The presence or absence 
of the physiologic reaction (inhibition of sweating, 
vasoconstriction and/or pilomotion) was deter- 
mined after a designated interval of time. If the 
reaction was present, it was recorded as a positive 
response (see Tables 1, 2, and 3). 

1. Hexopyrronium bromide (a quaternary anti- 
cholinergic agent) 9 (see Fig la) was dissolved in 

* Supplied by A. H. Robins Company, Richmond, 
Va. 

t Supplied by Ciba Company, Summit, NJ. 

X Supplied by Syntex Company, Palo Alto, Calif. 

§ Purchased from New England Nuclear Corpo- 
ration, Boston. 

!! Supplied by Crown Zellerbach Company, 
Camas, Wash. 
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Br 



CH 3 N C 14 H 3 

Fig 1A. — Hexopyrronium bromide (quaternary), 
l-methyl-3-pyrrolidyl-l-C 14 a-phenylcyclohexane- 
glycolate methobromide. The unlabeled form of 
hexopyrronium bromide was used for the in vivo 
studies. 

95% alcohol. DMSO was added to the appropriate 
concentration. An equivalent amount of water was 
added to the control without DMSO. Then 0.01 cc 
of each concentration of hexopyrronium bromide 
with 20% DMSO was applied to the forearm. The 
same was done without DMSO to the opposite 
forearm along with a control of only 20% DMSO 
in 95% alcohol. In most subjects there was ery- 
thema at the site of 20% DMSO, but this subsided 
completely in all subjects by six hours. AH subjects 
washed their forearms with soap and water 30 
minutes after topical applications. Determinations 
of sweat inhibition were made 20 hours later. The 
subjects were exposed to an environment of S6F- 
94 F and 50%-60% humidity for 30 minutes. Sweat- 
ing and inhibition of sweating in focal areas was 
determined with the conventional starch-iodine 
technique. Concentrations of hexopyrronium bro-.- 
mide used were 1.0%, 0.2%, 0.04%, 0.008%,' and 
0.0016%. 

2. Napthazoline hydrochloride was dissolved in 
95% alcohol. DMSO was added to the appropriate 
concentration. An equivalent amount of water was 
added to the controls without DMSO. Applications 
to the forearms were as described above for hexo- 




Cl 



Fig IB. — Hexopyrronium chloride (tertiary), 
l-methyl-3-pyrrolidyl-l-C" a-phenylcyclohexane- 
glycolate hydrochloride. This form of labeled 
hexopyrronium was used for the in vitro studv. 



pyrronium bromide. Vasoconstriction and pilomo- 
tion was determined 30-60 minutes after initial 
application. Maximal response is in this period of 
time. Concentrations of naphthazoline used were 
5%, 1%, 02%,: 0.04%, and 0.00&%. 

3. Fluocinolone acetonide, with and without 
DMSO, was prepared and applied as above. DMSO 
in 25% and 10% preparations was tested with 
fluocinolone acetonide in -various concentrations. 
When tested under a perforated metal guard, 7 con- 
centrations of fluocinolone acetonide were 0.05%, 
0.01%, 0.002%, and 0.0008%. When tested under 
Saran Wrap, concentrations were 0.001%, 0.0002%, 
0.00004%, and 0.000008%. 

Both the guard and Saran Wrap were left in 
place about eight hours, and vasoconstriction was 
determined 9-20 hours after initial application. 

B. In Vitro.— The methods used are described in 
detail in a previous publication. 9 Skin of grossly 
normal appearance removed from surgically ampu- 
tated legs or breasts was frozen and stored for 
use in these experiments (see Tabic 4). The speci- 
mens of skin were trimmed and mounted on special 
glass chambers (see Fig 2). Class wells were glued 
to the skin defining an area of 1.76 cm a . The amount 



Fig 2.— Special glass chambers used for in vitro studies with human skin. 



Stoughton—Fritsch 
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Table 1. — Hexopyrronium Bromide (Quaternary) 
(0.01 cc) Applied to Forearms in Different 
Concentrations With and Without 
DMSO in Ten Subjects * 





1% 


02% 


0.04% 


0.00$ % 


0.0016' 


With 20% 


9/10 


0/10 


7/10 


3/10 


0/10 


DMSO 












Without 


6/10 


2/10 


o/io • 


0/10 


0/10 



DMSO 



• Positive responses listed under each concentration of hex- 
opyrronium bromide (eg, 9/10 indicates nine positive responses 
" in ten subjects tested) . 

of 10 ml of saline was placed in each chamber. An 
aliquot of a solution of a CMabeled compound 
[ hydrocortisone-^ C 1 * or hexopyrronium chloride 
(tertiary, methyl- (?*) (sec Fig lb and 3) in abso- 
lute ethanol (see Table 5) ] was placed in each well. 
Aliquots were also placed directly into liquid 
scintillation counting vials for determination of the 
total' number of counts applied For each of the two 
substances tested the skin was treated in one of two 
different ways: (1) continuous contact with a sol- 
vent (DMSO or HzO) or (2) transient contact 
with a solvent, 

In the former treatment, the solvent was either 
DMSO (0.3 ml) or water (0.3 ml) and was applied 
over the CMabeled compound after the ethanol had 
evaporated. The well was then sealed from above 
with a coverslip. The chambers were incubated for 
24 hours at 37 C. Aliquots of saline were removed 
and placed in scintillation counting vials. Most of 
the water was evaporated in a gentle stream of 
air, and drying was completed in a desiccator under 
a partial vacuum. The amounts of 1.0 ml of distilled 
water and then 15 ml of scintillation fluid were added 



CH 2 0H 




Fig 3. — 4-C 1 * hydrocortisone. 



Table 2,—NaphazoIine (0.01 cc) Applied Topically 
to Forearms to Compare Effect of Different 
Concentrations of DMSO on Absorption* f 





5% 


1% 


0.2% 


0.04% 


0.008% 


With 50% 


14/14 


14/14 


14/14 


10/14 


4/14 


DMSO 












With 26% 


22/24 


22/24 


20/24 


8/24 


0/24 


DMSO 












With 10% 


14/14 


10/14 


8/14 


4/14 


0A4 


DMSO 












Without 


12/16 


S/16 


2/16 


0/16 


0/16 



DMSO 



* Positive responses (vasoconstriction and promotion) listed 
under each concentration of naphuzolino (eg, 14/14 indicates 
14 positive responses in 14 subjects tested), 
f Concentrations of DMSO from 50%-10% without napha- 
zoline did not result in vasoconstriction or pilomotion. 

to each vial, and counting was done on a Nuclear- 
Chicago liquid scintillation spectrometer. 

In the case of transient exposure to the solvent, 
0.05- ml of a 25% solution of the- solvent (DMSO 
or 11*0) in absolute ethanol was applied inside the 
well. Immediately thereafter, a given quantity (see 
Table 5) of the C a *-labcled compound in ethanol 
was applied, and. the liquid in the well was thor- 
oughly mixed by rotary agitation. The skin surface 
was then blown dry with a gentle stream of air at 
room temperature. The total duration or exposure 
to the solvent (about 25 minutes) was held fairly 
constant. Incubation was carried out for 24 hours 
at 37 C with the wells open at a relative humidity of 
88% in a Blue M FR-251-C environmental cabinet. 
Sampling and counting were done as above. 

Table 3. — Fluocinolone Acetonide (0.01 cc) Applied 
Topically to Forearms in Different Concentrations 
With and Without DMSO, With Areas of 
Application Either Covered by a 
Perforated Metal Guard or 
Occluded With Saran Wrap 
for Eight Hours * f 



A. Protected With Perforated Metnl Guurd 

0.05% 0.01% 0.002% 0.0004% 0.00008% 

With 25% 10/10 9/10 7/10 3/10 0/10 
DMSO 

With 10% 10/10 S/10 6/10 2/10 0/10 
DMSO 

Without 9/10 6/30 3/10 0/10 

DMSO 

B. Occluded With Saran Wrap 

0.001% 0.002 % 0.00004 % 0.000008% 

With 25% DMSO 12/12 8/12 3/12 0/12 

Without DMSO 12/12 7/12 3/12 0/12 



* Positive responses indicated^by vasoconstriction, (eg, 7/10 
indicates seven positive responses In ten subjects). 

f 25% DMSO alone did not give vasoconstriction in nny of 
the subjects. 
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Table A.— Data on t the Human Skin Used in the 
in Vitro Experiments 



Desig- 


Age Ox 


■ Cat Af 


Kace of 


* 




nation 


Donor 


Donor 


Donor 


Diagnosis 


Eegton 




L-7 


40 


Male 


Caucasian 


Gangrene 


Leg 




D-9 


61 


■• 


Negro 


i» 


ii 




f BH 




Female 


Caucasian 


Carcinoma 


Breast 




BJ 




f* 


Negro 


ii 


t> 


3-7 ■ 


Bh 




>» 




i> 


i» 




BR 


48 


ft 


Caucasian 


i* 


i» 




BS 


48 


ii 


>» 


» 


i> 




BA 


64 


Female 


Caucasian 


Carcinoma 


Breast 




BE 




n 


Negro 


ii 


ii 


S-G * 


BT7 




« 


Caucasian 


it 


ii 




BW 


70 


ii 


ri 


i> 


ii 




k BY 






fi 


ii 


ii 



Knowing the number of counts applied and the 
number of counts recovered for each specimen, the 
per cent penetration per 24 hours was calculated. 
The efficiency of counting was the same for all 
samples counted The scintillation fluid used con- 
sisted of 4.0 gm of PPO (2,5-diphenyIoxazole) 
and 0.100 gm of POPOP [l,4-his-2(phenylox- 



showed inhibition of sweating at 2 hours but 
no inhibition after 20 hours. 

2. Naphazoline percutaneous absorption is 
enhanced by DMSO concentrations of 50%, 
25%, and 10%. The maximum influence 
seemed to be induced by the highest con- 
centration of DMSO. ' The increase in 
penetration with 50% DMSO as compared 
to no DMSO was in the order of 25-fold 
(Table 2) . 

3. Percutaneous absorption of fluocinolone 
acetonide seems to be enhanced by DMSO 
when applied under the perforated guard. 
This increase seems to be definite but not as 
great as it is with hexopyrronium bromide 
or naphazoline. The increase is in the order 
of five-fold or less and is present with 10% 
and 25% DMSO (Table 3). 

There was no significant increase in 
penetration when DMSO was compared 



Table 5.— Supplementary Data, Methods 



References 
to 

Tables 6-9 


Mg 
Applied 


Counts 
Applied 


Volume of 
Ethanol 
(Ml) 


Average 
Temperature. 
C 


Temperature 
Range 


Average % 
Relative 
Humidity 


Maximum % 
Counting Error 
One Standard 
Deviation 


1 

2 

3A 
3B 
4 


0.02 

0.10 

S.O 

1.27 

1.27 


6.00 X 10* 
7.58 X KM 
4.72 X 10 B 
8.65 X 1Q< 
8.65 X 104 


0.02 
0.10 
0.40 
0.10 
0.10 


37.5 
37.0 
37.1 
37.4 
37.1 


36.5*38.0 
36.0-37.9 
37.0-37.5 
36.0-37.9 
36.0-38.0 


B7 
87 


±0,64 

±2.8 

±5.4 

±0.82 

±2.0 



azolyl) -benzene] diluted to 1.0 liter with toluene. 
The counting temperature was ambient. 



under Saran Wrap occlusive dressing 
(Table 3). 

B. In Vitro.— DMSO was superior to 
water in respect to enhancing the penetration 
of C 14 -hexopyrroniura chloride (tertiary) 
(Tables 8 and 9). The increase was by a 
factor of at least two for continuous exposure 
and by aibout f our for transient exposure. 

Table 6.—Hydrocortisone-4-C» Continuous Contact With Solvent 



Results 

A. In Vivo.— I. DMSO enhances per- 
cutaneous absorption of hexopyrronium 
bromide (quaternary) by at least a factor of 
25 as measured by this system (Table 1). 
The control site with 20% DMSO alone 



Referenco 
to Table 2 

1 



Skin 
Specimen 

L-7 
L-9 
L-7 
L~9 



Number 
of Trials 

5 
3 
4 

3 



Solvent 




Average % 
Penetration 
per 24 Hours 

0.35 
1.41 



Rango 



0.06-0.S0 



0.31-3.15 



Factor 
Increase 
DMSO/11,0 



.245 



S toughton—Friisch 
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Table 7.—Hydrocortisone-4-C u , Transiefit Contact With Solvent 



Reference 
to Table 2 



Skin 
Specimen 

8-7 
(Breast) 



{ 



Number 
of Trials 

9 

8 



Solvent 
DMSO 



Average % 
Penetration 
per 24 Hours 

15.1 
2.25 



Range 

2.28-26.2 
0.66-6.35 



} 



Factor 
increase 
DMSO/HjO 

6.71 



In the case of continuous exposure to the 
solvent, H 2 0 was superior to DMSO in 
„ promoting the penetration of. hydrocortisone 
(Table 6). However, in the case of transient 
exposure DMSO was superior to water 
(Table 7) in promoting penetration of 
hydrocortisone by a factor of about seven. 

It is interesting that DMSO is apparently 
in some cases more effective than water in 
producing increased premeability of the skin, 
particularly considering the marked effect of 
the latter. The greater effect of DMSO on 
transient exposure may be due to the faciltta- 



are unaware of any agent other than water 
which will influence percutaneous absorption 
to the extent of DMSO and- not cause any- 
obvious or prolonged damage to the skin 
other than transient erythema. However, this 
is a broad and difficult subject which is 
beyond the scope of this paper to review. 
Those interested in details of this problem 
are urged to consult previous reviews. 1(U3 ' 14 

Generic and Trade Names of Drugs 

Naphazoline hydrochloride—Privine Hydrochlo- 
ride. 



Table S.—Hexopyrroniimi-MethyUC H (Tertiary), Continuous Contact With Solvent 



Reference 
to Table 2 

3A 

3B 



Skin 
Specimen 

L-6 
(Leg) 
S-6 
{Breast) 



Number 
of Trials 

3 
3 
4 
4 



Solvent 

DMSO 
H 2 0 
DMSO 
H2O 



Average % 
Penetration 
per 24 Hours 

1.37 
0.05 
14.8 
5.96 



Range 

0.84-2.20 
0.03-0.07 
7.3-19.9 
2.2-11.2 



Factor 
Increase 
DMSO/HsO 

27.4 
2.48 



tion of a very rapid initial penetration of 
the stratum corneum. 

Comment 

The mechanism by which DMSO increases 
penetration of these agents is unknown to us. 
It has been previously stated that the vehicle 
has little effect on the penetration of the 
incorporated agent. 10 We do know that 
changes in environment will greatly influence 
penetration 9-11 as will removal or severe 
damage to the horny layer. 12 ' 13 The authors 



Dr. A. L. Lorincz of the University of Chicago 
suggested that DMSO- be investigated in regard to 
its ability to influence percutaneous absorption. 

Richard B. Stoughton, MD, 2065 Adelbert Rd, 
Geveland, Ohio. 
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The contributions of several proposed mechanisms by which fatty acids and amines might increase 
skin permeation rates were assessed. Permeation rates of mode] diffusants with diverse physicochem- 
ical properties (naloxone, testosterone, benzoic acid, indomethacin, fluorouracil, and methotrexate) 
through human skin were measured in vitro. The enhancers evaluated were capric acid, lauric acid, 
neodecanoic acid, and dodecylamine. Increased drug solubility in the vehicle, propylene glycol (PG), 
in some cases accounted for the increases in flux in the presence of adjuvants, since permeability 
coefficients were unchanged. Partition coefficients of some drugs into isopropyl myristate or toluene 
were increased by the adjuvants, but this did not occur for combinations of an acid with a base 
(adjuvant-drug or drug-adjuvant). Increases in flux not accounted for by increases in drug solubility or 
partitioning were assumed to involve disruption of the barrier function of skin (increased skin diffu- 
sivity). Ail fatty acids increased skin diffusivity of naloxone, testosterone, indomethacin, and fluoro- 
uracil but not of methotrexate or benzoic acid. Dodecylamine increased skin diffusivity only for 
fluorouracil. Capric acid and dodecylamine, but not lauric acid or neodecanoic acid, increased the skin 
permeation rate of PG, suggesting that enhanced solvent penetration could also be involved as a 
mechanism for increased skin permeation of the drug. However, the increase in PG flux due to 
dodecylamine was nullified when methotrexate was added to the vehicle, possibly because of a 
dodecylamine/methotrexate interaction. These studies demonstrate that drug solubilization in the 
vehicle, increased partitioning, increased solvent penetration, and barrier disruption each can con- 
tribute to increased skin permeation rates in the presence of fatty acids and amines. The relative 
contributions of the mechanisms vary with the drug, the adjuvant, and the vehicle. 

KEY WORDS: skin permeation; enhancer; fatty acid; membrane; transport; ion pairing; solvent drag. 



INTRODUCTION 

Numerous adjuvants have been used to increase skin 
permeation rates. These compounds have potential applica- 
tion for improving the skin penetration of poorly absorbed, 
systemically or topically active drugs. Their effects vary 
from drug to drug. Rational selection of a skin permeation 
enhancer and optimization of a skin permeation enhancing 
effect require an understanding of how drugs are affected by 
certain enhancers and how that varies from drug to drug. 
This depends at least partly on the mechanisms of perme- 
ation enhancement. 

Fatty acids comprise one class of skin permeation en- 
hancers for salicylic acid (1), acyclovir (2), naloxone (3), and 
several other drugs. The goals of this study were to compare 
the effects of fatty acids on the skin permeation rates of 
several drugs and to determine the contributions of various 
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proposed mechanisms by which fatty acids might increase 
skin permeation rates. 

One likely mechanism involved is reduction of skin re- 
sistance as a permeability barrier by disruption of the tightly 
packed lipid regions of the stratum corneum, which in- 
creases penetration through the intercellular lipid matrix (4). 
Differential scanning calorimetry and infrared spectroscopy 
indeed showed that skin permeability changes were propor- 
tional to physical changes in the stratum corneum lipids (5). 

Another possible mechanism is increased skin/vehicle 
partitioning of the drug. A fatty acid adjuvant and an amine 
drug may form a lipophilic ion pair, thereby increasing drug 
partitioning into skin. Green and Hadgraft suggested this 
mechanism for the increased diffusion of ^-blockers by fatty 
acids across an artificial isopropyl myristate membrane (6). 
They further showed that oleic acid and lauric acid each 
increased the isopropyl myristate/buffer partition coefficient 
of naphazoline, a base, providing evidence for an ion pairing i 
role in skin penetration enhancement (7). 

A third mechanism of skin permeation enhancement by 
adjuvants invokes increased solvent transport into or across 
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the skin. If the adjuvant increases the penetration rate of the 
solvent, drug solubility in the skin and skin penetration of 
the drug would also increase if the drug has a high affinity for 
the solvent. In the case of oleic acid enhancement of molsi- 
domine skin penetration f Yamada ex aL demonstrated a cor- 
relation between the penetration rates of molsidomine and 
the polyhydric alcohol vehicle, and they proposed a solvent 
drag mechanism for permeation enhancement (8). 

The skin permeation enhancing effects of fatty acids and 
a fatty amine were studied using six compounds as model 
diffusants. These compounds were naloxone base, testoster- 
one, a nonionizable drug, and four acids, benzoic acid, in- 
domethacin, fluorouracil, and methotrexate. The structures 
of these compounds are shown in Fig. 1. We have examined 
how the flux, solubility, partitioning, and skin diffusivity of 
each of these compounds are affected by adjuvants. The 
fatty acids studied as adjuvants were capric acid (C 10 ), lauric 
acid (C 12 ), and neodecanoic acid, a branch ed-chain C ]0 fatty 
acid. Capric acid and lauric acid were previously shown to 
be the most effective enhancers within a series of saturated, 
straight-chain fatty acids, using naloxone as the difrusant (3). 
In another study neodecanoic acid was as effective as capric 
acid and lauric acid in increasing naloxone skin penetration 
rates, but it appeared to have a lower skin irritation potential 
(10). Dodecylamine was examined to see whether a basic 
adjuvant had effects on acidic drugs similar to the effects of 
fatty acid adjuvants on basic drugs. We also evaluated the 
effects of adjuvants on the skin permeation of the vehicle. 



EM Science. Akzo Chemie America generously provided 
bis-(2-hydroxyethyl)oIeylamine (Ethomeen 0/12) and 
polyoxyethylene(5)oleylamine (Ethomeen 0/15), which are 
referred to as PEG-2 oleamine and PEG-5 olearnine, respec- 
tively. Neodecanoic acid is a mixture of highly branched 
fatty acid isomers of the general formula R 3 CCOOH, in 
which the average number of carbon atoms is 10. It was 
supplied by Exxon Chemicals. [ 14 C]Propylene glycol (1,2- 
propanediol, [1- ,4 C]; sp act, 40 mCi/mmol) was obtained 
from ICN Biomedicals. Human skin specimens, der- 
matomed to an approximate thickness of 0.4 mm, were ob- 
tained from an organ bank. The skin donor population con- 
sisted of 22 people, of which 2 were nonwhite and 7 were 
female. The donor age averaged 37 ± 15 years. The majority 
of specimens were from the thighs and the calves. 

Skin Permeation. In vitro skin permeation rates were 
measured using glass diffusion cells in which human cadaver 
skin was clamped into a position separating donor and res- 
ervoir compartments. The reservoir was maintained at 37°C 
using a circulating water jacket or a dry block heater and was 
constantly stirred. The reservoir solution was selected to 
optimize drug solubility so that sink conditions were main- 
tained. For indomethacin, fluorouracil, and methotrexate 
the reservoir was 0.1 Af phosphate buffer at pH 7.4; saline 
was used for naloxone, benzoic acid, and propylene glycol; 
for testosterone the reservoir was 2% bovine serum albumin 
in saline. The entire reservoir volume (7-9 ml) was removed 
at the sampling times and replaced with drug-free solution. 



The solvent used as the vehicle was propylene glycol. Pre^ The donor vehicle volume was 0.5 ml. The donor chamber 



vious studies have shown that the skin permeability enhanc- 
ing effects of fatty acids are greatest with propylene glycol 
vehicles (3,8). 

MATERIALS AND METHODS 

Materials. Capric acid, lauric acid, testosterone, in- 
domethacin, 5-fluorouracil, and methotrexate [( + )- 
amethopterin trihydratej were purchased from Sigma. Nal- 
oxone base was from DuPont Pharmaceuticals. Propylene 
glycol U.S.P. and benzoic acid were supplied by Fisher. 
Isopropyi myristate was obtained from Kodak. Dodecy- 
lamine and stearylamine were obtained from Fluka. Phenyl- 
ethylamine base was from Aldrich. Triethylamine was from 
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INDOMETHACIN 5-FLUOROURACIL 
Fig. 1. Structures of the drugs used as model diffusants. 



was sealed from the atmosphere with parafilm. The diftu- 
sional surface area was 1.8 cm 2 . Each drug was evaluated 
using skin from at least three separate donors, and in most 
cases where direct comparisons of vehicles were made, the 
same skin donors were used to evaluate all vehicles. 

The vehicles were propylene glycol or 0.5 M adjuvant in 
propylene glycol. The fatty acid or dodecylamine/propylene 
glycol mixtures were warmed to melt and dissolve the adju- 
vant. Clear solutions were obtained, unless indicated other- 
wise. The various drugs were then added to these vehicles in 
excess in saturated solubility. These suspensions were used 
for skin permeation experiments. Drug solubilities in the ve- 
hicles were determined after filtration and dilution or extrac- 
tion. In some experiments, the drug was added to the vehi- 
cles in concentrations below saturation. The vehicles for 
measuring propylene glycol skin permeation had 2 p.Ci 
[ I4 C]propylene glycol/ml, and 0.5 ml was applied to the skin. 

Partition Coefficients, Partition coefficients of the test 
drugs from propylene glycol vehicles, and the effects of fatty 
acids and dodecylamine, were examined using toluene and 
isopropyi myristate as the lipophilic phases. Octanoi, which 
has a polarity similar to that of the lipids of skin (9), was not 
used because it was miscible with the propylene glycol ve- 
hicles. The saturated solutions used as vehicles in the skin 
permeation studies were filtered and diluted 10-fold with 
drug-free vehicle to give solutions with concentrations l/10th 
of the drug solubility. These were equilibrated with equal 
volumes of isopropyi myristate or toluene by end-to-end 
mixing at room temperature («22°C) for at least 16 nr. The 
phases were then separated and diluted with methanol or 
extracted with 0.1 N NaOH (in the cases of fluorouracil and 
methotrexate), and the drug concentrations in both phases 
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were determined by HPLC. The solubility and partition co- 
efficient data represent one to three determinations. 

Analyses. Concentrations of naloxone, testosterone, 
benzoic acid, indomethacin, fluorouracil, and methotrexate 
in skin permeation samples and for partition coefficients 
were determined by HPLC. The assay conditions are out- 
lined in Table I. The albumin in the samples from the tes- 
tosterone skin permeation experiment was precipitated with 
2 vol of methanol and was removed by filtration prior to 
HPLC analysis. [ ,4 C]Propylene glycol concentrations were 
determined by counting 0.5-ml aliquot s of the reservoir sam- 
ples after the addition of 5-ml volumes of scintillation cock- 
tail. 

Data Analysis. The amount of drug permeating through 
skin during a sampling interval was calculated based on the 
measured reservoir concentration and volume. Plots of 
amount permeating vs time were made for each experiment. 
Flux was calculated as the slope of the linear portion of the 
plot and was normalized to 1-cm 2 surface area. [ ,4 C]- 
Propylene glycol flux was expressed as the percentage of the 
applied amount delivered per hour and was not corrected for 
surface area. All flux data are reported as the mean ± SE of 
at least three determinations. 

RESULTS 

One goal of this study was to evaluate separately the 
effects permeation enhancing adjuvants have on drug solu- 
bility in the vehicle, partition coefficient, and skin diffusiv- 
ity. The effects on solubility were measured directly. The 
permeability coefficient, P, was calculated as the flux, J, 
divided by the drug concentration in the saturated solution, 
C. P is a composite variable which includes drug partition- 
ing into skin and the diffusion coefficient or diffusivity of the 
drug in the stratum comeum. Skin permeation rates are de- 
pendent on the stratum corneum/vehicle partition coeffi- 
cients. These values are difficult to determine accurately. It 
was judged that the contribution of any mechanism that in- 
creases partitioning, such as ion pairing, would be evident in 
organic solvent/vehicle partition coefficients (K). The or- 
ganic solvents were isopropyl myristate and toluene. In- 
creases in P not accounted for by increases in K were as- 
sumed to involve increased skin diffusivity, indicative of 
barrier disruption. 

Solubility, skin permeation, and partitioning data for the 



model compounds, and the effects of fatty acids and dode- 
cylamine, are summarized in Table II. 

Naloxone. The fatty acids increased naloxone solubility 
approximately 2- to 3-fold but increased naloxone flux 30- to 
40-fold; P values increased at least 10-fold. In previous work 
naloxone solubility in lauric acid/propylene glycol solvent 
mixtures increased linearly with increasing lauric acid con- 
centrations (3). This could be indicative of complexation or 
ion pair formation, but the effects of fatty acids on naloxone 
partitioning into isopropyl myristate or toluene were not in- 
dicative of formation of lipophilic ion pairs. Each fatty acid 
slightly increased £ toluene ' PG > but there were no consistent 
effects on A' IM/PG . Furthermore, dodecylamine increased the 
partitioning of naloxone base into both isopropyl myristate 
and toluene. Considering the relative effects of dodecy- 
lamine on P (31 -fold increase relative to control) and /: IM/PG 
(72-fold increase) and /p**~ /PG (19-foid increase), the ef- 
fect of dodecylamine appears to be primarily on partitioning. 

Testosterone. The effects of the fatty acid adjuvants on 
testosterone were to increase slightly C\ K lM/PG , and 
^toiuene/po B ecause the increases in P were consistently 
greater than the increases in K, some barrier disruption was 
evidenced. Dodecylamine decreased solubility in the vehi- 
cle, increased P (6-fold), and increased K^"* 0 (14-fold) and 
r oiuene/PG (2 2-fold). Since the increases in K were greater 
than the increase in P, there was no suggestion of dodecy- 
lamine increasing skin diffusivity. 

Benzoic Acid. Benzoic acid represents a solute with 
high solubility in PG and high intrinsic skin permeability. 
None of the acid or amine adjuvants had a very great effect 
on any parameter determined. 

Indomethacin. In the absence of an enhancer, the av- 
erage flux for indomethacin was approximately 1000-fold 
lower than that of benzoic acid. However, permeability co- 
efficients of indomethacin and benzoic acid were similar for 
vehicles containing capric acid or lauric acid. Neodecanoic 
acid was less effective in increasing indomethacin P. Each 
fatty acid had very little effect on indomethacin solubility. 
The increases in P were much greater than the increases in 
K, so increased skin diffusivity is likely. In the presence of 
dodecylamine, indomethacin solubility and flux increased to 
the same extent, so that there was no net change in P. 
Changes in K with dodecylamine were not consistent. The 
effect of dodecylamine on indomethacin skin permeation 
provides an example of an adjuvant apparently increasing 
flux solely by solubilizing the drug in the vehicle. 



Table I. Chromatographic Methods Employed for Drug Analyses 



Drug 



Naloxone 

Testosterone 
Benzoic acid 
Indomethacin 
Fluorouracil 
Methotrexate 



Column 



Cb 
C 8 

C, 



Mobile phase 



AcetonitriJc/THF/0.05 Af phosphate buffer, pH 3 

(10/0.8/89.2)" 
Acetooitrile/0.] M acetate buffer, pH 4 (50/50) 
Acetonitrile/0.2 M acetate buffer, pH 3.5 (25/75) 
Acetonitrile/0.04 M phosphoric acid (55/45) 
0.01 Af acetate buffer/0.05% triethylamine, pH 4 
Methanol/THF/citrate phosphate buffer, pH 3.2 

(15/4/81) 



How rate 
(ml/min) 



1.4 

2.0 
1.4 
1.2 
1.2 
2.0 



Detection 
(nm) 



284 

242 
230 
260 
266 
303 



• All ratios are volume ratios. 
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Table H. Solubility (O, Flux (J) t Permeability Coefficient (P), and Partition Coefficients (K) for Various Model Drugs Using Propylene 

Glycol Vehicles and Fatty Acid or Amine Adjuvants 





C* 
(mg/ml) 


J 

(Hg/cm 2 hr) B 


(cm/hr) 




• 


Naloxone 










- 


PG 


28.3 


J.O ± l.Z 


I.J A 1U 


ft ftQ 


ft AK 


Capnc acid/PG 


*TA ft 

70.0 


111/4-4- 1*7 1 

111.4 = J/. J 


I.O X l\) 


ft f\A 
U.U4 


U. /4 


Launc acid/PG 


cn a 


I JO. 1 3 4Z.0 


7 ? * 1ft"" 5 


ft 11 


ft 75 


Neodecanoic acidYPG 


48.7 


14J. / X 0J.1 


1 ft v in~3 

J-U X Jv 


ft ftS 
U.Uo 


ft 1Q 
U. /o 


Dodecylamine/PG 


6.2 


25.1 ± 0.9 


4.0 X 1U (31/ 


£. At fT>\ 


8.52 (19) 


Testosterone 












PG 


67.8 


4.0 ± 0.9 


c n s> ift — 5 

5.9 X 10 


ft 1 D 

0. 18 


ft to 

0.18 


Capnc acid/PG 


89.7 


14.2 ± 3.4 


1.0 x 10 


A IO 


0.48 


Launc acidYPG 


ft* "5 

91.3 


21. y X 4.3 


"> A v 1A~ * 

Z.4 X 1U 


A "M 

U.3Z 


a an 
0.67 


Neodecanoic acid/PG 


74.0 


21.4 ± 3.3 


*> A in ~4 

2.9 X 10 


ft 1 c 

0.25 


ft ift 

0.39 


Dodecylamine/PG 


28.0 


10.4 ± 0.8 


3.7 x 10 4 (6) 


2.49 (14) 


4.04 (22) 


Benzoic acid 












PG 


250 


557 ± 71 


2.2 x 10 3 


0.20 


0.20 


Capric acidYPG 


229 


815 ± 82 


3.6 x 10" 3 


0.28 


0.24 


Laurie acid/PG 


259 


726 ± 89 


2.8 x 10 3 


0.25 


0.32 


Neodecanoic acid/PG 


271 


648 ± 74 


2.4 x HT 3 


0.27 


0.32 


Dodecylamine/PG 


231 


902 ± 166 


3.9 x NT 3 


0.04 


0.19 


Indomethacin 












PG 


7.6 


0.5 ± 0.05 


6.6 x 10" 3 


0.30 


0.17 


Capric acid/PG 


9.9 


23.3 ± 3.4 


2.4 x 10~ 3 


0.49 


0.89 


Laurie acid/PG 


11.6 


51.2 ± 16.7 


4.4 x HT 3 


0.60 


1.05 


Neodecanoic acid/PG 


8.8 


5.8 ± 2.2 


6.6 x ur 4 


0.48 


0.85 


Dodecylamine/PG 


136.5 


7.7 ± 1.2 


5.6 x HT 5 


0.14 


0.71 


Fluorouracil 












PG 


12.4 


1.4 ± 0.4 


1.1 x 10- 4 


0.002 


4 x HT 4 


Capric acid/PG 


8.1 


92.0 ± 3j 


1.1 x HT 2 


0.01 


0.02 


Laurie acid/PG 


7.0 


81.9 ± 4.9 


1.2 x 10" 2 


0.01 


0.04 


Neodecanoic acid/PG 


8.6 


45.6 i 2.7 


5.3 x 10~ 3 


0.01 


0.01 


Dodecylamine/PG 


63.3 


527.6 ± 30.0 


8.3 x 10" 3 


0.01 


0.06 


Methotrexate 












PG 


2.7 


7.0 ± 5.9 


2.6 x HT 3 


c 




Capric acid/PG 


2.4 


8.8 ± 6.5 


3.7 x 10" 3 






Laurie acid/PG 


3.5 


10.1 ± 6.6 


2.9 x 10~ 3 






Neodecanoic acid/PG 


3.0 


16.0 ± 4.7 


5.3 x 10- 3 






Dodecylamine/PG 


54.1 


131.8 ± 56.3 


2.4 x 10" 3 







a Mean ± SE. 

b Numbers in parentheses are relative to the PG control. 
c Partition coefficients were too low to measure. 



Fluorouracil. Dodecylamine also solubilized (fivefold) 
fluorouracil, another drug with acidic functionality. How- 
ever, unlike indomethacin, fluorouracil P was also increased 
(75-fold) by dodecylamine. Fluorouracil K values were very 
low, and increased in the presence of each fatty acid or 
amine adjuvant, to account at least partly for the increases in 
P. The fatty acids also greatly increased fluorouracil flux and 
P, and part of the increase in P may have been due to in- 
creases in K. 

Methotrexate. For methotrexate, neither flux, C 5 , nor P 
was markedly increased in the presence of fatty acids. The 
effects of dodecylamine on methotrexate were similar to 
those with indomethacin: increased solubility, proportional 
increase in flux, and no change in P. Partitioning of meth- 
otrexate into either isopropyl myristate or toluene was neg- 
ligible using control or adjuvant vehicles. 



Dodecylamine increased flux of methotrexate and in- 
domethacin by solubilization without affecting P, but in- 
creased fluorouracil P, as well as C*. This indicates that this 
adjuvant has apparently different mechanisms of promoting 
skin permeation, depending on the drug. To illustrate this 
further, the effects of dodecylamine were also studied at 
fixed concentrations of methotrexate (1 mg/ml) or fluoroura- 
cil (5 mg/ml) in the vehicle. Results are shown in Fig. 2. 
Dodecylamine did not increase methotrexate flux signifi- 
cantly, but fluorouracil flux increased 78-fold. These results 
are consistent with those using drug-saturated vehicles. 

Other Bases as Permeation Enhancers. The effects of 
some other adjuvants with basic functionality were studied 
using indomethacin and fluorouracil as diffusants. Results 
are given in Table III, together with the previously presented 
results for control and dodecylamine vehicles. Because 
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Fig. 2. Flux of methotrexate or fluorouracil from propylene glycol 
(A) or propylene glycol containing 0.5 M dodecylamine (B). Vehi- 
cles contained 1 mg/ml methotrexate or 5 rag/ml fluorouracil. 

some of the vehicles were semisolid, solubility of the drug 
could not be measured. However, for those indomethacin 
vehicles for which solubility was determined, it was in- 
creased by each adjuvant. Indomethacin permeability coef- 
ficients, on the other hand, were increased only by NaOH 
(twofold) and triethylamine (fivefold). Indomethacin flux in 
the presence of phenylethylamine or stearylamine was the 
same as control. These adjuvants affected indomethacin and 
fluorouracil differently. Triethylamine and phenylethy- 
lamine both increased fluorouracil solubility and flux, but 
since these increases were proportional to each other, P was 
not affected. In contrast, PEG-2 oleamine and PEG-5 ole- 
amine both increased P but did not affect fluorouracil solu- 



bility. Sodium hydroxide and stearylamine increased flux, 
but the vehicles were semisolid and C could not be mea- 
sured. These results confirm that adjuvants affect different 
drugs in different ways. 

Propylene Glycol Skin Permeation. The rate of skin 
penetration of the solvent can influence the permeation rate 
of dissolved solutes because the resistance of the barrier 
could change as it absorbs solvent and because drug parti- 
tioning into a solvent-soaked membrane may be different 
than into a dry or hydrated membrane. Propylene glycol skin 
permeation was characterized using fatty acid/PG or dode- 
cylamine/PG vehicles. Results are given in Table IV. Each 
fatty acid increased the PG skin permeation rate, but only 
the effect of capric acid was statistically significant. Dode- 
cylamine produced an even greater increase in PG skin per- 
meation. However, in a vehicle saturated with methotrexate, 
the enhancing effect of dodecylamine was negated, as shown 
in Fig. 3. Presumably the adjuvants must penetrate into skin 
to exert their effects on the barrier properties of skin. Inhi- 
bition by methotrexate of the enhancing effect of dodecy- 
lamine on PG flux suggests that an interaction of dodecy- 
lamine and methotrexate occurs in the vehicle to inhibit 
dodecylamine skin penetration. Perhaps this is why dodecy- 
lamine did not affect methotrexate P t as shown in Table II. 

DISCUSSION 

Various mechanisms have been proposed to account for 
the effects of fatty acids on skin permeation. These include 
increased drug solubility in the vehicle, increased partition- 
ing into the skin, increased solvent penetration, and barrier 
disruption. The dependence of flux on each of these vari- 
ables can be illustrated with a diffusion equation in which 
drug flux through a membrane at steady state, from a satu- 
rated solution into a sink, is represented as 

J = C*K m Dlh 



Table III. Effects of Various Basic Adjuvants on Solubility (C), Flux, and Permeability Coefficient of Indomethacin and Fluorouracil 



C* (mg/ml) 



Flux (u.g/cm 2 hr) 



/ > (cm/hr) 



Indomethacin 
PG 

Dodecylamine/PG 
Triethylamine/PG 
Phenylethylamine/PG 
PEG-2 oleamine/PG 
PEG-5 oleamine'VPG 
NaOH/PG 
Stearylamine/PG 
Fluorouracil 
PG 

Dodecylamine/PG 
Triethylamine/PG 
Phenylethylamine/PG 
PEG-2 oleamine/PG 
PEG-5 oleamine*/PG 
NaOH/PG 
Stearylamine/PG 

a Not determined. 
Adjuvant was not completely soluble at 0.05 M. 
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0.5 ± 0.05 


6.6 x 10" 5 


136.5 


7.7 ± 1.2 
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132.8 


40.7 ± 21.8 


3.1 x 10~ 4 


ND* 


0.4 ± 0.2 


ND 


1 15.7 


3.9 ± 0.9 
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125.8 


1.2 ± 0.6 


9.5 x 10" 6 


88.7 


12.6 ± 5.8 


1.4 x 1(T< 


ND 


0.7 ± 0.06 


ND 


12.4 


1.9* 0.5 


1.5 x 10" 4 


63.3 


527.6 ± 30 


8.3 x 10" 3 


47.7 


10.4 ± 1.2 


2.2 x 10~ 4 


59.1 


9.7 ± 2.2 


1.6 x 10~ 4 


16.0 


272.7 ± 59.4 


1.7 x i<r 2 


14.8 


26.6 ± 4.4 


1.8 x 10~ 3 


ND 


12.5 ± 6.9 


ND 


ND 


21.7 ± 11.0 


ND 
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Tabic IV. Effects of Fatty Acid Adjuvants and Dodecylamine on 
Propylene Glycol Skin Penetration 



Adjuvant (0.5 Af) 


Propylene glycol 


Flux (%/hr) 


Lag time (hr) 


None 


0.8 ± 0.4 


3.5 ± 1.7 


Capric acid 


7.5 ± 1.6 


3.0 ± 1.1 


Laurie acid 


1.4 ± 0.2 


1.0 ±0.5 


Neodecanoic acid 


1.6 ±0.2 


2.2 ± 1.8 


Dodecylamine 


15.7 ± 1.9 


2.2 ± 0.7 



J is the flux per unit area of membrane, K m is the membrane/ 
vehicle partition coefficient, C* is the drug concentration in 
the vehicle at the solubility limit, D is the diffusion coeffi- 
cient, and h is the membrane thickness. KJOfh is the per- 
meability coefficient CP). Increased drug diffusion rates in 
the presence of adjuvants could be due to changes in any of 
the variables K mi C* t D or h. D reflects, among other things, 
the structural properties of the skin. We evaluated the rela- 
tive contributions of the proposed mechanisms of fatty acid 
skin permeation enhancers by examining their effects on 
drug solubility, partitioning, and permeability coefficient of 
diverse acidic, basic, and neutral permeants. We also exam- 
ined the effects of amine and other basic adjuvants on these 
diverse model compounds. 

Our results indicate that each of the proposed mecha- 
nisms (i.e., increased drug solubility in the vehicle, in- 
creased partition coefficient, barrier disruption, and in- 
creased solvent permeation) may be associated with the in- 
creased flux in the presence of fatty acid adjuvants and 
dodecylamine. The relative contributions of these mecha- 
nisms varied from drug to drug, however. Table V lists ex- 
amples of the drugs for which these mechanisms appeared to 
contribute to increased flux. The most consistent effects 




40 50 60 70 
HOURS 

Fig. 3. Profiles of propylene glycol skin penetration from vehicles 
containing no adjuvant (•), 0.5 M lauric acid (■), 0.5 M dodecy- 
lamine (A), or 0.5 M dodecylamine and saturated with methotrexate 
(▼). 



were for acidic adjuvants to increase the solubility of the 
basic drug in the vehicle and for basic adjuvants to increase 
the solubilities of acidic drugs. For some drug/adjuvant com- 
binations (e.g., indomethacin/dodecyiamine) this effect com- 
pletely accounts for the increase in flux, since the perme- 
ability coefficient was unchanged. However, it may be dif- 
ficult to predict a priori which adjuvants will have only a 
solubilizing effect. For example, triethylarnine and phenyl- 
ethylamine increased fluorouracil flux by increasing only its 
solubility in the vehicle (P was unchanged). However, both 
of these adjuvants increased P for indomethacin (Table HI). 

Skin permeation could also be increased by increasing 
the partitioning of the drug into the skin. Ion pairing has been 
proposed in several publications as a possible mechanism of 
increasing partitioning. Lee and Kim (11) demonstrated that 
ion pairing could substantially increase the penetration of 
ionic drugs through synthetic hydrophobic membranes using 
nonaqueous vehicles with a low dielectric constant. An ion 
pairing mechanism was proposed for the enhancement of 
penetration of p-blockers across an isopropyl myristate 
membrane in the presence of fatty acids (6). Synthetic ion 
pairs of trospium, wherein the counterions were alky I sul- 
fates, had greater skin permeation rates than trospium chlo- 
ride (12). The bioavailability of dermally applied diltiazem 
hydrochloride was increased by the inclusion of lipophilic, 
anionic counterions (13). Sodium salicylate increased the 
skin penetration and partition coefficient (octanol/pH 7.4 
buffer) of isopropamide iodide, presumably by formation of 
a lipophilic ion pair (14). Oleic acid and lauric acid increased 
both the isopropyl myristate/buffer partition coefficient and 
the skin permeation rate of naphazoline, a base, but the par- 
tition coefficients of caffeine and methyl nicotinate were not 
affected by the fatty acids (7). We evaluated the possibility 
of increased partitioning into skin, by measuring partitioning 
into isopropyl myristate and toluene. There were several 
adjuvant/drug combinations which resulted in increased par- 
titioning of the drug. We found no evidence of adjuvant and 
drug counterions forming more lipophilic ion pairs, however. 
On the contrary, the fatty acids increased the partition co- 



Table V. Mechanisms Involved in the Skin Penetration Enhancing 
Effects of Fatty Acids and Dodecylamine and Those Drugs Affected 

via the Specified Mechanism 



Adjuvant 



Mechanism 



Fatty acids 



Dodecylamine 



Increased drug solubility 
in vehicle 



Increased partition 
coefficient 

Disrupted barrier 
function of skin 



Naloxone 



Increased skin penetration 
of solvent 



Indomethacin 
Fluorouracil 

Naloxone 
Testosterone 
Indomethacin 
Fluorouracil 

Yes 



Indomethacin 

Fluorouracil 

Methotrexate 

Naloxone 
Testosterone 

Fluorouracil 



Yes 



718 



Aungst, Blake, and Hussain 



efficients of the acidic drugs indomethacin and fluorouracil, 
and dodecylamine increased the partition coefficients of nal- 
oxone base. One difference in methodology between our 
work and those studies cited above (6,7,12-14) is that the 
donor vehicles used were entirely or predominantly aque- 
ous. We did not evaluate the apparent pH of the vehicles and 
do not know if the drug or adjuvant were ionized, a require- 
ment for ion pairing. Thus, although we show no evidence 
for ion pairing, we cannot state that it cannot contribute to 
enhanced skin permeation under other conditions. 

The permeation rate of the solvent can also be an im- 
portant factor influencing the permeation rate of the drug. A 
correlation between metronidazole and PG skin permeation 
rates from PG vehicles was described (15). Similar relation- 
ships were described for indomethacin (16), molsidomine 
(8), and narcotic analgesics (17) from fatty acid/PG vehicles 
and for nicorandil penetration from fatty acid ester/PG ve- 
hicles (18). The results of increased solvent penetration into 
the skin may include increased drug solubility in the skin and 
increased barrier disruption if the solvent itself is a penetra- 
tion enhancer. Kadir et al. have shown that propionic acid 
vehicles enhanced the skin permeation of theophylline (19) 
and adenosine (20) because of rapid propionic acid skin pen- 
etration and solubilization of the drug in the skin-propionic 
acid medium. We did not measure PG skin permeation rates 
with all drug/adjuvant/vehicle combinations, but our data 
show that the permeation rate of the vehicle can be influ- 
enced by the presence of adjuvant or drug. Drug solubility in 
the membrane should be most influenced by the PG skin 
penetration rate for those drugs with a high affinity for PG, 
as evidenced by low partition coefficients. Some adjuvants 
can have the dual synergistic effects of increasing drug sol- 
ubility in the vehicle and increasing the skin penetration rate 
of the vehicle. 

The remaining proposed mechanism is disruption of the 
barrier function of the skin. Fatty acids can change the phys- 
ical chemical characteristics of skin, as shown using differ- 
ential scanning calorimetry and infrared spectroscopy for 
oleic acid-treated stratum corneum (5). Specifically, fatty 
acids seem to disrupt the packed structure of the intercellu- 
lar lipids of the stratum corneum (4). We have not measured 
barrier disruption directly but have attributed any increase in 
P, not accompanied by a proportional increase in K, to in- 
creased diffusivity. The fatty acids were shown to increase 
skin diffusivity and permeation rates of naloxone, indo- 
methacin, and fluorouracil. However, the effects of fatty 
acids were inconsistent; P values for benzoic acid and meth- 
otrexate were unaffected. To examine the relationship be- 
tween compound structure and permeability enhancement, 
we calculated the increase in P in the presence of lauric acid 

(plaunc/pcontrol) for ^ ^ ^aunc/^ontrol 

were independent of whether the compounds had basic, neu- 
tral, or acidic functional groups (Table VI). There was also 
no relationship to their octanol/water partition coefficients 
or molecular weights. The effects of dodecylamine on barrier 
disruption also varied from drug to drug, and a significant 
disruption effect was indicated only for fluorouracil. One 
reason for the inconsistent effects on skin diffusivity from 
drug to drug is that the drug, adjuvant, and vehicle interact 



Tabic VI. Comparison of the Increase in Permeability Coefficient 
with Lauric Acid (/* uri 7/ ,contro1 ) for the. Various Model Drugs and 
Some of Their Physical Chemical Properties 



Diffusant 


pUuric/^pcontral 


Log* 


Molecular 


(octanol/water)" 


weight 


Naloxone 


16.92 


1.53 


327 


Testosterone 


4.07 


3.32 


288 


Benzoic acid 


1.27 


1.95 


122 


Indomethacin 


66.67 


3.08 


358 


Fluorouracil 


109.09 


-0.92 


130 


Methotrexate 


1.12 


-1.85 


454 



• Values are from Ref. 21. 

to each influence the penetration of the others. Susceptibility 
to permeation enhancement may also depend on the routes 
of drug permeation through skin, which may vary from drug 
to drug. 

We conclude from these studies that fatty acid and 
amine adjuvants can increase skin permeation by a combi- 
nation of several mechanisms. The relative contributions of 
those mechanisms vary depending on the drug and adjuvant. 
We are not yet able to predict which mechanism will pre- 
dominate for any one drug/adjuvant/vehicle combination. 
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